Advanced signal processing techniques for single-carrier multi-user MIMO wireless communications by Abdullah Aljohani (7201544)
University Library 
•• Loughborough 
• University 
I AuthorlFiling Title .... ~7..9.!ff!:.0f..I.l . .J3..~ ......... . 
I ....................................................................................... . 
. ., I Class Mark .................................................................... . 
Please note that fines are charged on ALL 
overdue items. 
l~ill~I;~ ~Iii~ IIIII~ 1 111111111111 III~ 

Advanced Signal Processing Techniques for 
Single-Carrier M ulti-User MIM 0 Wireless 
Communications 
Thesis submitted to Loughborough University in candidature for 
the degree of Doctor of Philosophy 
Abdullah Aljohani 
.0 Loughborough 
., University 
Advanced Signal Processing Research Group 
Department of Electronic and Electrical Engineering 
Loughborough University 
2009 
~ LnHghh(}~·{)U1.'~1 0 i~'·""l lJ n i "':,·s: 1 y Pilki,":':)": Libn~ry 
Date 
1/ ) ---,---
I 3 to 
Class -I 
Ace 
No. CLfD3'br"16cr 5"" 
ABSTRACT 
Overcoming the inter-symbol interference (ISI) and co-channel interference (CCI) encoun-
tered in broadband frequency-selective multi-user multi-input multi-output (l\1U-MIMO) 
wireless channels with advanced baseband signal processing techniques is the focus of the 
thesis. Single-carrier (SC) techniques with frequency domain equalization (FDE) are con-
sidered as they benefit from much reduced peak-to-average transmit power ratio (PAPR) 
and hence considerably less linearity requirements on the radio frequency amplifier as 
compared to orthogonal frequency division multiplexing (OFDl\1) methods. 
A new two-step interference cancellation scheme is first proposed for the uplink MU-
MIMO wireless channel. SC transmission is exploited together with time-reversed space-
time block coding. Average symbol error rate simulations for quasi-static and fast-fading 
broadband frequency-selective two-user MIMO channels confirm the utility of the ap-
proach. 
Next, due to the reduced computational complexity constraints at the base station in 
a wireless link, a novel robust frequency domain beamformer for a closed-loop downlink 
MU-MHvIO-SC-FDE system is proposed. The beamformer is designed to maximize the 
signal-to-leakage-ratio (SLR) criterion and to minimize the sensitivity to errors in channel 
state information. The performance of the approach is confirmed by simulation studies 
without additional forward error coding. 
Finally, the combination of the downlink I\IU-MIMO-SC-FDE system with Alamouti-
type space-time coding is studied. It is shown that adding convolutional and Alamouti-
type outer coding is beneficial as compared to random block repetition coding. The 
iii 
application of the inner-coding scheme recently proposed by Sadek, Tarighat and Sayed 
is on the other hand found to perform poorly, due to the level of interference induced by 
the space-time coding into the decoding process. 
iv 
To my wife, Fayza 
and our children Mohammad, Manal, Badur, and Yousof 
ACKNOWLEDGEMENTS 
First, I would like to express my deepest gratitude to my supervisor Prof. Jonathon 
Chambers for his brilliant supervision and his continual guidance and support thought 
the years of my PhD research. Without his technical insight, creativity and continuous 
encouragement this thesis would have never been possible. Throughout my thesis-writing 
period, he provided encouragement, sound advice, good teaching, good company, and lots 
of good ideas. It has been a privilege to have had Prof. Chambers as a supervisor. 
I am indebted to Dr. Sangarapillai Lambotharan for his help and support. I would 
like to thank Mrs. June Boot the secretary of Prof. Chambers for her kindness and 
support. 
During my time as a PhD researcher, I had the pleasure of being a part of two research 
groups: the Center of Digital Signal Processing at Cardiff University, and the Advanced 
Signal Processing Research Group at Loughborough University. It has been a joyful and 
rewarding experience to meet and work with the members of both groups. I would like to 
express my warmest gratitude to Faisal Alharbi, Nasr Eltayeb, Khaled Maatoug, Thato 
Tsalaile, Shakiru Kassim, Li Zhang, and Vimal Sharma for their good company. 
I would like to acknowledge The Royal Embassy of Saudi Arabia/Cultural Bureau for 
providing me with this wonderful opportunity of scholarship. 
I wish to thank my parents and my entire extended family for helping me get through 
the difficult times, and for all the emotional support, entertainment, and caring they 
provided. 
Last, but not least, I wish to thank my wife, Fayza and our children: Mohammad, 
vi 
Manal, I3adur, and Yousof. Words are not enough to describe how much I value their 
support, love and encouragement. To them I dedicate this thesis. 
vii 
PUBLICATIONS 
• A. Aljohani and J. Chambers, "Two-step interference cancellation technique for 
a multi-user MIMO-SC-FDE system" The lET Smart Antennas and Cooperative 
Communications Seminar, London, Oct 2007. 
• A. Aljohani and J. Chambers, "Robust SLR-based beamformer for a multi-user 
SCFDE- MIMO system," The 5th International Conference on Broadband Com-
munications, Networks and Systems, London, Sep 2008. 
• A. Aljohani and J. Chambers, "A joint coded two-step interference cancellation 
technique for a multiuser MIMO-SC-FDE system," The Third International Con-
ference on Systems and Networks Communications ICSNC 2008, SJiema, Malta, 
Oct 2008. 
• A. Aljohani and J. Chambers, "A multi-user SC-FDE-MIMO system exploiting 
robust SLR-based beamforming," The 8th IMA International Conference on Math-
ematics in Signal Processing, Cirencester, United Kingdom, Dec 2008. 
viii 
ABSTRACT 
ACKNOWLEDGEMENTS 
PUBLICATIONS 
LIST OF ACRONYMS 
LIST OF NOTATIONS 
LIST OF FIGURES 
LIST OF TABLES 
1 INTRODUCTION 
1.1 The Wireless Channel 
1.1.1 Large Scale Fading 
1.1.2 Small Scale Fading 
1.1.3 Channel Classification 
1.2 Multiple-Input Multiple-Output (MI1\1O) Channel 
CONTENTS 
iii 
vi 
viii 
xiv 
xviii 
xx 
xxvii 
1 
4 
5 
8 
10 
11 
1.2.1 Antenna Configurations in ST WireleHs Systems 15 
ix 
1.2.2 MIMO Channel and Signal Model 
1.2.3 Capacity of MIMO Channels 
1.3 Multiple-user MIMO 
17 
18 
21 
1.4 Single-Carrier Modulation With Time Domain Equalization at the Receiver 22 
1.5 Orthogonal Frequency Division Multiplexing 23 
1.6 SC Modulation With Frequency Domain Equalization at the Receiver 24· 
1.7 Comparison between SC-FDE and OFDM 25 
1.8 Thesis Structure and List of Contributions 27 
2 LITERATURE REVIEW 31 
2.1 Introduction 31 
2.2 Comparison Between OFDM and SC-FDE Systems Over Various Environ-
ments 
2.3 Combining SC-FDE with MIMO Techniques 
2.4 Combining SC-FDE with Non-Linear Equalization Methods 
2.5 Summary 
3 A JOINT CODED TWO-STEP INTERFERENCE CANCELLATION 
TECHNIQUE FOR AN UP LINK MULTIUSER MIMO-SC-FDE SYS-
TEM 
3.1 Introduction 
3.2 Orthogonal Space-Time Block Codes 
3.3 Time-Reversed Space-Time Block Codes 
3.3.1 TR-STI3C with Two-Transmit-Onc-Receive Antennas 
x 
33 
35 
37 
38 
40 
40 
43 
46 
49 
3.4 Co-Channel Interference Suppression 
3.5 Two-Step Interference Canceller for Multi-User Broadband MIMO-SC-
FDE Communication System 
3.5.1 System Model 
3.5.2 Two Step Interference Cancellation 
3.5.3 Combined MMSE and Multi user Detector 
3.5.4 Co-Channel interference cancellation 
3.6 Simulation Results 
3.6.1 l\lIMO frequency selective channel 
3.6.2 Modified J akes' Fading Channel Model 
3.7 Summary 
4 MULTI-USER FREQUENCY DOMAIN ROBUST BEAMFORMER 
FOR MIMO SINGLE-CARRIER FREQUENCY-DOMAIN EQUAL-
IZATION SYSTEM 
4.1 Introduction 
4.2 Beamforming and the Need for CSI 
4.3 System Model 
4.3.1 n· ansmi tter 
4.3.2 Channel Model 
4.3.3 Receiver 
4.4 Parameters of the MU Beamforming and Combining/ Equalization Matri-
ces 
4.4.1 Maximal Signal-to-Leakage-Ratio (SLR) Criterion 
xi 
54 
57 
58 
63 
63 
64 
65 
66 
69 
70 
71 
71 
74 
78 
78 
79 
80 
84 
85 
4.4.2 Solution for Combining I Equalization Parameters 
4.5 Robust Beamforming 
4.5.1 Diagonal Loading 
4.5.2 Values of £1 and £2 
4.6 Simulation Results and Comparisons 
88 
90 
91 
93 
94 
4.6.1 The Proposed Robust FD Beamformer 94 
4.6.2 Comparison of the Proposed Robust Beamformer with Non-Robust 
Beamformer and OFDM 97 
4.6.3 Comparison with Robust OFDM 
4.7 Summary 
99 
99 
5 COMBINING ALAMOUTI-TYPE CODING AND A FREQUENCY 
DOMAIN ROBUST BEAMFORMER WITHIN A MULTIUSER DOWN-
LINK SINGLE CARRIER FREQUENCY-DOMAIN MIMO SYSTEM105 
5.1 Introduction 
5.1.1 Signal-to-Lcakage-Plus-Noise Ratio 
105 
108 
5.2 Adding Alamouti-Type Coding as an Outer Coding to the FD Robust BF 114 
5.2.1 System Model 
5.3 Adding convolutional coding to the FD robust BF 
5.3.1 System Model 
115 
118 
120 
5.4 Adding Alamouti-Type Coding as an Inner Coding to the FD Robust BF 123 
5.4.1 System Model 123 
5.5 Applying Sadek, Tarighat, and Sayed's Scheme to the FD Robust BF 127 
5.6 Simulation results and comparisons 132 
xii 
5.6.1 Convolutional Coding Model 
5.6.2 Alamouti-Like Outer Coding Model 
5.6.3 Alamouti-Like Inner Coding Model 
5.6.4 Sadek, Tarighat, and Sayed's Scheme Model 
5.7 Summary 
6 CONCLUSIONS AND FUTURE WORK 
6.1 Future \Vork 
REFERENCES 
xiii 
134 
134 
136 
140 
140 
144 
147 
149 . 
LIST OF ACRONYMS 
2D two-directional 
ADSL asymmetric digital ~ubscriber line 
AOA angle of arrival 
AOD angle of departure 
AWGN additive white Gaussian noise 
BC broadcast channel 
BER bit error rate 
BF beamformer 
BLAST Bell laboratories layered space-time 
BS base station 
BWA broadband wireless access 
CCI co-channel interference 
CDMA code division multiple access 
CFO carrier frequency offset 
CMT covariance matrix taper 
CP cyclic prefix 
CPM continuous phase modulation 
CSI channel state information 
CSIT channel state information at transmitter 
DAB digital audio broadcasting 
xiv 
DFT 
DSL 
DVB 
EBF 
ETSI 
FD 
FDD 
FDE 
FDMA 
FEC 
FFT 
HDSL 
i.i.d. 
IBI 
CCI 
IC 
IDFT 
IEEE 
IFFT 
ISI 
LE 
LHS 
LOS 
LST 
MAC 
MAN 
MC 
discrete Fourier transform 
digital subscriber line 
digital video broadcasting 
eigen-beamforming 
European telecommunications standards institute 
frequency-domain 
frequency division duplex 
frequency-domain equalization 
frequency division multiple access 
forward error correction 
fast Fourier transform 
high-speed digital subscriber line 
independent identically distribution 
inter-block interference 
co-channel interference 
interference cancellation 
inverse discrete Fourier transform 
Institute of electrical and electronics engineers 
inverse fast Fourier transform 
inter-symbol interference 
linear equalization 
left hand side 
line of sight 
layered space-time 
multiple access channel 
metropolitan area network 
multi-carrier 
xv 
MIMO 
MIMO BC 
MIMO MAC 
MIMO-SC-FDE 
MLSE 
MMSE 
MRC 
MS 
MU-MIMO 
NLOS 
NP 
OFDM 
OS 
OSTBC 
PAPR 
PlC 
RF 
RHS 
SC 
SC-FDE 
SC-TDE 
SDMA 
SER 
SIC 
SIMO 
SINR 
SIR 
multiple-input multiple-output 
multiple-input multiple-output broadcast channel 
multiple-input multiple-output multiple access channel 
MIl\10 single-carrier frequency-domain equalization 
maximum likelihood sequence estimation 
minimum mean square error 
maximum ratio combining 
mobile station 
multi-user MIMO 
no-line of sight 
noise predictor 
orthogonal frequency division multiplexing 
one-step 
orthogonal space-time block coding 
peak-to-average transmit power ratio 
parallel interference cancellation 
radio frequency 
right hand side 
single-carrier 
single-carrier system with frequency-domain equalization 
single-carrier system with time-domain equalization 
space division multiple access 
symbol error rate 
successive interference cancellation 
single-input multiple-output 
signal-to-interference-and-noise-ratio 
signaI-to-interference-ratio 
xvi 
S1SO 
SLR 
SM 
SNR 
SS 
ST 
SU-M1MO 
SVD 
TCM 
TD 
TDD 
TDE 
TDMA 
TR-STBC 
TS 
ULA 
VBLAST 
VDSL 
ZF 
ZP 
single-input single-output 
signal~to-leakage-ratio 
spatial multiplexing 
signal-to-noise ratio 
spread spectrum techniques 
space-time 
single-user MIMO 
singular value decomposition 
trellis coded modulation 
time-domain 
time division duplex 
time-domain equalization 
time division multiple access 
time-reversal space time block coding 
two-step 
uniform linear array 
vertical Bell laboratories layered space-time 
very high-speed digital subscriber line 
zero forcing 
zero padded 
xvii 
LIST OF NOTATIONS 
X matrix 
x vector 
K the total number of users 
"" approximately equal to 
* convolution operator 
X' elementwise conjugation of X 
X T transposition of X 
X H conj ugate transposition of X 
o element-by-clcment product operator 
Om m x m all zero matrix 
Om,n m x n all zero matrix 
IN N x N identity matrix 
I a I magnitude of the scalar a 
X[nl a matrix with discrete time-domain index n 
X( wtl a matrix with discrete frequency-domain index Wl 
Xk a signal matrix corresponding to the k-th user 
Xk a signal vector corresponding to the k-th user 
Xqr the matrix element indexed by q and r 
vec(X) is the vector x obtained by stacking the columns of X 
det(X) determinant of X 
xviii 
E{.} the statistical expectation operator 
II.II~ squared Frobenius norm operator 
FN N x N discrete-time Fourier transform matrix 
diag(x) diagonal matrix with the elements of x on its diagonal 
xix 
list of Figures 
1.1 A comparison between additive white Gaussian noise (AWGN) channel 
and Rayleigh fading channel. Bit error rate (BER) over Rayleigh fading 
channel is worse than the performance over an AWGN channel [15]. 12 
1.2 Antenna configurations in 8T multiple antennas wireless systems [9]. 14 
1.3 Link stability induced with increasing order of spatial diversity. The deep 
fades exist in the 8180 case are eliminated as a result of increasing trans-
mit/ receive antennas. Theoretically, signal level could be represented as 
a straight line when M t and Mr -4 00 [9]. 
1.4 Block diagram to show the forward link (downlink) from the base station 
to the users in a MU-MIMO communication system. 
1.5 Block diagram to show the reverse link (up link) from the users to the base 
station in a MU-MIl\10 communication system. 
1.6 Block diagram to show comparison between 8C-FDE and OFDM systems 
where the upper half is for OFDM and the lower one is for 8C-FDE. The 
FFT /IFFT units pair is employed in both systems. However, they function 
16 
1D 
20 
and are placed differently. 26 
xx 
3.1 The general layout of a baseband space-time block coding system model. 
A number of M t antennas is deployed at the transmitter side and Mr 
receive antennas are deployed at the receiving side. 
3.2 Transmit side of Time-Reversed-Space-Time coding system model. The 
system is a two-transmit-one receive antennas SC-FDE communication 
43 
system where the receive side is not shown. 49 
3.3 The general layout of cyclic prefix-based Space-Time-I3lock coding system 
model. Cyclic prefix is performed by placing a copy of the last entries of 
the transmitted vector at its front to produce a longer vector. The spatial 
dimension is represented vertically where the time dimension is represented 
horizontally. 51 
3.4 The general layont of the multi user system, two terminals and a base 
station, each equipped with two antennas. 
3.5 The proposed two-step interference canceller for a baseband multi-user up-
link broadband MIMO-SC-FDE communication system model. The trans-
mitter of one mobile station is shown at the upper part of the figure where 
as the base station receiver is depicted in the lower part. The novelty is in 
the application to SC transmission together with the two-step processing 
withen the receiver. 
3.6 Average symbol error rate simulation results for quasi-static fading chan-
nel. The figure shows acorn parison of system performance between four 
cases namely: basic SISO-SC, single-user two transmit one receive MISO-
STBC-SC, the output of the first step of the proposed receiver as one-step 
multiuser single carrier frequency-domain equalization STBC (OS-rvIU-SC-
FDE-STBC), and the output of its second step as two-step multiuser single 
58 
59 
carrier frequency-domain equalization STBC (TS-MU-SC-FDE-STBC). 67 
xxi 
3.7 Average symbol error rate simulation results for Jakes' model fading chan-
nel with 10, 20, and 40 Km/h velocities. The figure shows a comparison 
of system performance between two cases for each velocity namely: the 
output of the first step of the proposed receiver as onc-step multi user single-
carrier frequency-domain equalization STBC (OS-MU-SC-FDE-STBC), and 
the output of its second step as two-step multiuser single carrier frequcncy-
domain equalization STBC (TS-MU-SC-FDE-STBC). Both results are for 
a modified Jakes' fading channel model. These simulations are differ-
ent from those presented in Figure 3.6 as the channel coefficients change 
throughout the blocks; otherwise the simulations are identical. 
4.1 Simple block diagram showing how channel state information (CS I) is ob-
tained from the receive signal. CSI can be exploited in both the receiver 
and transmitter. 
4.2 Block diagram representation of downlink beamforming patterns in a com-
munication system with one transmitter and K spatially separated users. 
The transmitter employs M t transmit antennas while each user Mr receive 
antennas. 
4.3 Transmit side model of the baseband processing for the K users. The 
frequency-domain beamforming operations are shown together with the 
M t transmit antennas. The novelty in this work is the addition of robust-
ness to channel state information errors within the beamformers. 
4.4 Receiver side of the baseband processing for the first user amongst K users. 
The combining of the Mr receve antennas together with the equalization 
with matrix W is shown. 
xxii 
68 
74 
76 
79 
81 
4.5 Average BER performance shows the importance of perfect channel knowl-
edge for the non-robust beamforming scheme. The non-robust scheme is 
impaired by imperfect CSI. The performance deteriorates as the channel 
perturbation increases from 0.001 to 0.009. The fluctuations in some curves 
are due to simulation length. 
4.6 Average BER performance of the proposed uncoded FD robust beam-
former. Number of users in the MIMO-SC-FDE system is three. Number 
of BS transmit antennas is three whilst the MSs employ the same number of 
receive antennas in four different situat.ions namely: M t = 3, Mr = 2,3,4, 
or 5. \Vhile the scheme does not perform well when the number of re-
ceive antennas is less than the number of t.ransmit antennas, the I3ER 
performance improves with increasing number of receive antennas. 
4.7 Product of SINR performance for three user uncoded MIMO-SC-FDE sys-
tem employing FD robust beamformer. Number of BS transmit ant.ennas 
is three whilst the MSs employ the same number of receive antennas in 
four different situations namely: M t = 3, Mr = 2,3,4, or 5. The product 
89 
95 
of SINR performance improves with increasing number of receive antennas. 96 
4.8 Average TIER performance for three user l\!Il\IO-SC-FDE system with non-
robust and robust beamformers in two cases M t = 3, Mr = 3 and M, = 
3, Mr = 4. The proposed robust beamformer outperforms the non-robust 
scheme for both examples. 
4.9 A comparison of the average BER performance for three user uncoded 
MIMO-SC-FDE system with OFDM, non-robust and robust beamformers. 
Number of transmit antennas and number of receive antennas is three 
for all compared systems (system A). The proposed robust hearnformer 
ou tperforms the other two schemes. 
xxiii 
99 
100 
4.10 Acorn parison of the average BER performance for three user uncoded 
MIMO-SC-FOE system with OFOM, non-robust and robust beamformcrs. 
Number of transmit antennas at the BS is three whilst number of receive 
antennas is four for all compared systems (system 13). The proposed robust 
beam former outperforms the other two schemes. 
4.11 A comparison of the average BER performance for three user MIMO-SC-
FOE system with robust OFOM and the proposed robust beamformers. 
Number of transmit antennas and number of receive antennas is three for 
all compared systems (system A). 
4.12 A comparison of the average BER performance for three user MIMO-SC-
FOE system with robust OFOM and the proposed robust beamformcrs. 
Number of transmit antennas and number of receive antennas is four for 
all compared systems (system B). 
101 
102 
103 
5.1 Block diagram of the multi-user beamforming system with OSTBC [84]. 107 
5.2 Transmit side model of the Alamouti-typc outer coded baseband process-
ing for the K users. The Alamouti encoding process is serially concatenated 
with the FO robust beamformer. The frequency-domain beamforming op-
erations are shown together with the Mt transmit antennas. 
5.3 Receiver side of the Alamouti-typc outer coded baseband processing for 
the first user amongst K users. The combining of the Mr receive antennas 
together with the equalization with matrix W is shown. The outer decoder 
is inserted just before the slicer. 
5.4 Block diagram showing a standard half rate and constraint of three con-
volutional encoder. This encoder is used to perform convolutional codes 
115 
117 
at the 13S. A Viterbi decoder is needed at the receiver. 119 
xxiv 
5.5 Transmit side model of the coded baseband processing for the K users. 
The convolutional coding followed by a random permutation interleaver 
is employed to extend the system presented in the previous chapter. The 
frequency-domain beamforming operations are shown together with the 
Mt transmit antennas. 
5.6 Receiver side of the coded baseband processing for the first user amongst K 
users. The combining of the M, receive antennas together with the eqnal-
ization with matrix W is shown. Demapper, deinterleaver, and Viterbi 
121 
decoder blocks are employed for the convolutional decoding. 122 
5.7 Transmit side model of the Alamouti-type inner coded baseband processing 
for the two users. Alamouti encoding process is serially concatenated by 
the FD robust beamformer within the frequency-domain processing. The 
frequency-domain beamforming operations are shown together with the 
two transmit antennas. 
5.8 Receiver side of the Alamouti-type outer coded base band processing for 
the first user amongst K users. The combining of the M, receive antennas 
together with the equalization with matrix W is shown. MRC and inner 
decoding is performed in the frequency-domain. 
5.9 Average BER performance for three user l'vlIMO-SC-FDE system with non-
robust and robust beamformers in two cases: convolutional coded case and 
uncoded case. Notice, that the convolutional coded curves include coding 
124 
125 
gain and thus is the reason for the cross over with the uncoded curve. 135 
5.10 Average BER performance for three user MIMO-SC-FDE system with non-
robust and robust beam formers in two cases: uncoded case as an upper 
bound and STBC case. The proposed STBC-robust beamformer outper-
forms the STBC non-robust scheme. 137 
xxv 
5.11 Average BER performance for three user l\lIMO-SC-FDE system with ro-
bust beamformer in five cases: uncoded case, repetition coding, FEC, outer 
coded, and FEC combined with outer coded case. 
5.12 Average BER performance for three user MIMO-SC-FDE system with non-
robust and robust beamformers both combined with Alamouti-like inner 
coding. The performance is the same as the outer coding setting shown in 
Figure 5.lD. 
5.13 Average BER performance for combining robust beamformers lVlIlVlO-SC-
FDE system with Sadek, Tarighat, and Sayed's scheme. The System per-
138 
139 
formed perfectly with single-user, but failed with the multi user system. 141 
5.14 Norm of the rearranged matrix A k = II(A k)HA kll is suppose to be very 
large compared to the rearranged matrix of the leakage A U = II (A k) H A U 11. 
This result show it is not the case for multiuser system. 
xxvi 
141 
List of Tables 
4.1 Summary of the two simulation systems used for comparing the perfor-
mance of the proposed robust beamformer against the non-robust beam-
former and the OFDM-based multi-carrier systems. 
5.1 Summary of the common parameters of the three extension systems namely: 
FEC, STBC, and SFBC. 
xxvii 
98 
133 
Chapter 1 
INTRODUCTION 
To 'fulfil the ever-increasing need of end users for higher data rates, telecommunication 
networks have undergone major improvements. Nowadays, multi-gigabit routers and 
optical transmission lines have been installed in the core and edge networks. This has 
tremendously increased the core traffic rates of transmitted data. However, the speed 
bottleneck for this service is the access network that connects the cnd users to the edge and 
core networks. Twisted-pair copper cable is the most used access network which serves a 
wide range of homes and businesses [1]. Traditionally, twisted-pair cables were employed 
to transmit voice services and low-speed data communications and they are now, also, 
used to offer digital subscriber line (DSL) services, which are available in different forms 
such as high-speed DSL (HDSL), asymmetric DSL (ADSL), and in the near future very 
high-speed DSL (VDSL) as the fiber nodes get closer to the end users and twisted-pair 
portion of the traditional telephone network is eliminated step-by-step. Because laying 
down networks based on physical wires is a very expensive investment, wireless networks 
are being deployed especially in developing countries with a large population that is not 
served by twisted-pair telephone cables. 
On the wireless technology front, broadband wireless access (BWA) techniques offering 
bit ratcs of tens of megabits per second or more to residential and business subscribers 
are attractive and economical alternatives to broadband wired access technologies. B\VA 
methods are very appealing to operators without an existing wired infrastructure because 
they are rapidly deployed, enjoy a low initial investment and can be designed based on 
1 
scalable solutions which adapt to an increase in customer number much easier than the 
wireline networks [2J. 
IEEE 802.16 air interface standards are being developed by the institute of electrical 
and electronics engineers (IEEE) and also by the European telecommunications standards 
institute (ETSI) HiperMAN group for broad band wireless metropolitan area networks 
(MAN) systems in licensed and unlicensed bands below 11 G Hz which can be deployed 
in residential and business environments [2J. Broadband wireless access systems deployed 
in such environments are likely to face hostile radio propagation environments, with 
multipath delay spread extending over tens or hundreds of bit intervals. This raises the 
need for consistent low cost solutions to mitigate channel delay spread [3J. 
Orthogonal frequency division multiplexing (OFD~!) has been recently adopted by 
major manufacturers and included in industry standards for a wide range of wireless and 
wireline applications primarily because of the favorable tradeoff it offers between perfor-
mance in severe multipath and signal processing complexity, together with its spectral 
efficiency [3J. 
This thesis presents an alternative approach based on single-carrier (SC) modulation 
methods. When se is combined with frequency-domain equalization (FDE), the SC 
approach can deliver performance similar to OFDM, with essentially the same overall 
complexity. When OFDM was first proposed for digital audio broadcasting (DAB) and 
digital video broadcasting (DVB) in Europe [4], it was assumed that single-carrier trans-
mission is not adequate for severe multipath radio channels. By the mid-1990s, articles 
were published [5] and [6J suggesting that this assumption is a result of constraining SC 
to use a time-domain equalizer. It was next suggested that a single-carrier system with 
frequency-domain equalization (SC-FDE) can be considered as an alternative solution for 
multipath propagation channels [5J and [7J. Single-carrier modulation employs a single-
carrier instead of the hundreds or thousands of carriers used in OFDM which implies that 
the peak-to-average transmitted power ratio (PAPR) for single-carrier modulated signals 
2 
is smaller. As a result of this, an se system requires a smaller linear range to support 
a given average power which requires less peak power backoff so that se can employ a 
cheaper radio frequency power amplifier than a comparable OFDM system. Moreover, 
because OFDM information symbols are transmitted on sub carriers, OFDM is sensitive 
to mismatch in the transmit-receive oscillators and Doppler effects, both of which are 
major causes for subcarrier frequency offset (CFO) [8]. 
On the other hand, the use of multiple antennas in wireless networks accompanied with 
the appropriate space-time (ST) coding and decoding is gaining an ever increasing interest 
from both industry and academia [9]. Because of the nature of wireless networks, multiple-
users will want to transmit and receive information simultaneously on the move, the 
research interest also covers applying these technologies to both single-user and multiple-
user systems [10]. The rest of this chapter is organized as follows. Challenges facing 
signal propagation through wireless channels are briefly discussed in Section 1.1. In 
Section 1.2, the multiple-input multiple-output (1\111\10) channel is discussed where the 
differences between single-user MIMO and multiple-user MIMO are presented. Multiple-
user systems are briefly discussed in Section 1.3. The three modulation techniques which 
are employed to mitigate the effect of inter-symbol intefference (ISI) namely: single-
carrier modulation with time-domain equalization at the receiver (Se-TDE), orthogonal 
frequency division multiplexing (OFDM), and single-carrier modulation with frequency-
domain equalization at the receiver (Se-FDE) are respectively discussed in Sections 1.4, 
1.5, and 1.6. In Section 1.7, a comparison between Se-FDE and OFDM is presented. 
Lastly, the chapter is concluded by the thesis structure and the list of contributions. 
A note on notation: Bold upper case X denotes a matrix and bold lowercase x denotes 
a vector. Index in X[n] is the discrete time-domain index with n = 0, 1, ... , N -1 while 
Wt in X(Wt) is the discrete frequency index with 1 = 0,1, ... , N - 1 where N is the 
block length and the index in X(t) is for continuous time. Xk and Xk denote the signal 
matrix and vector corresponding to the k-th user where k € [1,2, ... , KJ and K is the 
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total number of users. The matrix element indexed by q and T is denoted by X qT • 
X = vec(X) is the vector obtained by stacking the columns of X. IN is an identity matrix 
of size N. Complex conjugation, transposition and conjugate transposition of a matrix 
are respectively denoted by (.)', (.)T and (.)H. E{.} and II.II~ denote respectively the 
statistical expectation operator and squared Frobenius norm operator which is given as 
IIXII~ = tT{XXH}. FN denotes an N x N discrete time Fourier transform matrix for which 
the (q+l,T+l)-thentryis JNexp(-j2nqT/N) V q,T € [O,N-IJ. A diagonal matrix 
with the elements of x on its diagonal is denoted as diag(x). The element-by-element 
product operator is represented as 0· 
1.1 The Wireless Channel 
Signal propagation through a wireless channel faces more severe challenges than through 
a guided wire which can be almost free of interference. These challenges may include 
additive noise, fading, multipath spread, co-channel interference, and adjacent channel 
interference [11]. However, because of a wireless system's support for user mobility and/or 
portability, it has become the favorable platform to transfer information nowadays. 
To enable wireless systems to reach their fuller fruition, many technical challenges 
must be addressed. These challenges extend across a wide range of aspects. Users need 
their hand held devices to be lightweight, work on multi-modes, be more secure, consume 
minimal power, and have affordable prices. The radio spectrum is a scarce resource that 
must be allocated to many different systems [12]. Spectrum is controlled by regulatory 
bodies and could be very expensive. The design of a reliable wireless system is difficult 
due to the random nature of the wireless channel. Wireless systems must to be capableto 
be deployed in diverse environments and to provide better quality and coverage [13], [9] 
and [14]. 
Radio channels are extremely random where the transmission path can vary from 
simple line of sight to a very complex journey which can be obstructed by buildings, 
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mountains and foliage. This situation may get worse by having a dynamic environment. 
In urban areas the situation of line of site is rare because of the presence of buildings 
which cause severe diffraction, multi path reflections, and the strength of the transmitted 
power decreases as the distance between the transmitter and the receiver increases. 
In mobile communication systems, channel characteristic is defined as the variations 
of the channel strength over time and frequency due to the wireless channel propagation 
mechanisms [15J. There are three basic propagation mechanisms namely: reflection, 
diffraction, and scattering: 
• Reflection is the phenomenon of an electromagnetic wave bouncing from earth, 
surrounding buildings, mountains, or passing vehicles. 
• Diffraction or shadowing is the phenomenon of an electromagnetic wave bending 
around objects such as buildings, or tcrrains such as hills. 
• Scattering is the phenomenon of an electromagnetic wave spreading out (or defus-
ing) when it impinges on a rough surface. 
Based on these mechanisms two types of models can be studied: a large scale propagation 
model where signal strength is characterized over large separation distance compared 
with the carrier wavelength (within a distance on order of the cell size), or small scale 
propagation model where signal strength is characterized over small separation distance 
compared with the carrier wavelength (of the order of the carrier wavelength). Path loss 
and shadowing are included in the former and the constructive and destructive effects of 
the multipath signals are included in the latter. 
1.1.1 Large Scale Fading 
Maxwell's equations are the most accurate description for the propagation of electro-
magnetic waves [12J. Because these equation can be difficult to solve and even some of 
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their necessary parameters are not available, modeling was developed to ease channel 
characterization. 
One of the most used techniques is ray-tracing. Ray-tracing depends on the geome-
try and dielectric properties of the environment where the propagation takes place. In 
ray-tracing the wavefront is represented as simple particles which makes the study of the 
reflection and diffraction of the waveform more predictable. The simplest ray-tracing 
model is the two-ray model, where one ray represents the line of sight (LOS) compo-
nent and the other represents the reflected one [14]. In complex environments analytical 
models based on empirical measurement are used when ray-tracing models are not ac-
curate enough: such as the OkumiIfa-IIata model [16]. When it is difficult to obt.ain a 
deterministic model, statistical models are often developed. Statistical models are used 
to characterize the constructive and destructive multi path components. 
Path loss 
Path loss (Pt) is the signal at.te.nuation measured in dB, that is t.he difference (in dB) 
between the transmitted power and the received power 
(1.1.1) 
where Pt is t.he transmitted power, and PT is the received power. The relation between 
these two powers depends on the model of propagation in hand. For the free space model 
using an isotropic antenna the relation between PT and Pt can be expressed as 
(1.1.2) 
where Gt is the transmitter antenna gain, GT is the receiver antenna gain, A is the carrier 
signal wavelength = clfe , c = 3 X 108 m/s is the velocity of light, fe is the carrier 
frequency, and d is the distance between the transmitter and the receiver. Assuming 
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unity antenna gain results in direct proportionality between path loss and the carrier 
wavelength squared and an inverse proportionality with the distaJlce squared [17]. 
The term (4rrd/i\)2 in Equation 1.1.2 is known as the free-space path loss and denoted 
as a function of d as Lp(d) [14]. The Friis equation can be derived from Equation 1.1.2 
as follows: 
Pr = PtGtGr 
Lp 
Pr(dB) = Pt(dB) + Gr(dB) + Gt(dB) - Lp(dB) 
where X( dB) = 10 1091O(X), 
(1.1.3) 
(1.1.4) 
On the other hand, by using a two-ray model, the relation between the transmitted 
power and the received power is as follows: 
(1.1.5) 
where h t and hr are the heights of the transmitter and receiver antennas respectively. The 
two-ray model is frequency independent and assuming that d > > h., hr shows an inverse 
fourth-power law, rather than the inverse square-power law of free space propagation. 
Equation 1.1.5 also shows the dependence on antenna height. Comparing the result of the 
free space model and two-ray model, shows how different models can make a significant 
change in the radio propagation study. In a real environment the path loss exponent 
varies from 2.5 to 6 which depends on the terrain and the foliage [9]. 
Shadowing 
Diffraction occurs when electromagnetic waves bend over hills and around buildings. This 
is also termed as electromagnetic shadowing, when part of the wave front is blocked by 
the obstacle (or perfectly reflected) while the other part(s) tend to bend and illuminate 
the shadow region. The diffraction mechanism is explained by Huygens' principle, which 
7 
may be stated as follows: "Each point on a wave front acts as a point source for further 
propagation. However, the point source does not radiate equally in all directions, but 
favors the forward direction, of the wavefrant." [16]. 
The Fresnel-KirchofI diffraction parameter v is given by: 
(1.1.6) 
where h is the obstruction height, d l and d2 are the distance between the obstruction 
and the transmitter and the receiver respectively. Because there is a difference between 
the direct path and the diffracted one, there will be a corresponding phase difference <P 
which can be expressed using Equation 1.1.6 as follows: 
(1.1.7) 
From Equation 1.1.6 and Equation 1.1.7, it is clear that the phase difference is a function 
of the obstruction location relative to t.he transmitter and the receiver whether it is height 
or position. The pat,h differences around obstacles are known as Frasne! zones. 
Large scale fading was discussed in this subsection where the effect of the distance 
between the transmitter and the receiver is the measure factor of the path loss. Also the 
diffraction loss due to an abrupt "knife-edge" was presented in Equation 1.1.6. 
1.1.2 Small Scale Fading 
In the radio channel, multipath results in small scale fading effects such as: rapid changes 
in the signal strength over a short time interval or distance, and echoes caused by multi-
path propagation delays, and varying Doppler effects due to different paths. Many factors 
share their influence in small scale fading such as multipath propagation, speed of mobile, 
speed of surrounding objects, and the carrier bandwidth [17]. Scatterers, also, introduce 
anlplitude fading a( t) and carrier distortion e (t) to the channel. The amplitude fading 
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and carrier distortion are independent. 
Amplitude fading can be studied as a Rayleigh distribution if there is no LOS scat-
tering, and as a Rician distribution when there is no-line of sight (NLOS) (scattering). 
Doppler spread 
In a dynamic environment, the motion of the transmitter, the receiver, or the scatter-
ers results in Doppler spread which is an important channel parameter that shows the 
time-scale variation of the channel. Doppler spread is the largest difference between 
the Doppler shifts. Doppler spread is also known as time selective fading. When the 
mobile channel introduces a Doppler spread that means the bandwidth of the received 
signal is larger than the bandwidth of the transmitted signal. This phenomenon is known 
as frequency dispersion where the transmitted signal will undergo different attenuations 
resulting in a distortion [14]. 
Delay spread 
Multipath delay spread is defined as the difference in propagation time between the 
longest and the shortest path. Delay spread is also equivalently known as frequency 
selective fading. When the mobile channel introduces a delay spread that means the 
duration of the received signal is longer than the duration of the transmitted signal. This 
phenomenon is known as time dispersion. The time-dispersive nature of the terrestrial 
radio channel is a major design challenge for high-speed broadband applications [3]. The 
received signal gets distorted when the time spread introduced by the channel is larger 
than one symbol period. This interference among consecutive transmitted symbols is 
known as inter-symbol interference (ISI). 
Broadband access targets data rates of tens of megabits per second over a wireless 
channel with a typical delay spread of the order of microseconds which thereby can result 
in ISI spanning tens if not hundreds of symbols. For example, at a 5 MHz symbol 
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frequency, a 20J-ls multi path delay profile spans 100 data symbols [2]. Designing for 
high-speed broadband digital communication systems should consider such severe IS!. To 
mitigate ISI, practical modulation and anti-multi path approaches are: 
• Single carrier with time-domain equalization at the receiver (SC-TDE) where the 
compensation for channel distortions is via channel equalization in the time-domain 
(TD) at the receive side [18]. 
• Multi-carrier (MC) systems with OFDM as a representative. MC systems have 
the ability to convert the operating broadband channel characterized by frequency 
selectivity into a large number of parallel narrow band subcarriers. 
• Single carrier with frequency-domain equalization at the receiver (SC-FDE) where 
the compensation for channel distortions via channel equalization is in the frequency-
domain (FD) at the receive side [19]. SC-FDE is the main interest of this thesis. 
Later in the chapter a detailed discussion will be presented for all of these three 
approaches. 
Angle spread 
Angle spread exists at the receiver and the transmitter. It is the spread of angle of arrival 
(AaA) at the receive antenna array or the spread of angle of departure (AOD) at the 
transmit antenna array. Angle spread is also known as space selective fading. Angle 
spread is mentioned for the subject completeness and not explicitly considered further in 
this thesis. 
1.1.3 Channel Classification 
By assuming the channel to be a linear system, all distortions can be characteriz(;'d as the 
attenuation or superposition of different signals. On the other hand, having the channel 
as a time-varying system allows the channel to be represented by a dual-time time varying 
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impulse response h(t,-r). For an input s(t), the continuous time channel output x(t) is 
given by the convolution integral, 
x(t) = [" h(t, -r)s(t - -r)d-r (l.1.8) 
Channels can be classified according to their time-varying impulse response as time se-
lective or frequency selective channels [16]. 
Time selective channel 
A time-selective channel is one that is better at a selected time than other times. On 
the other hand, when Doppler shift is small, there is very little effect on the received 
signal resulting in a frequency-flat channel. It is not always the case but it is common 
in practice to have the combination of time-selective channel and frequency-flat channel. 
This combination is called a flat-fading channel [20] and [21]. 
Frequency selective channel 
By contrast, when the channel is time-flat which means time-invariant, it can show fre-
quency dependance as a result of multipath propagation and therefore is called a fre-
quency selective channel. A frequency selective fading channel is also possible when the 
time-invariance is lost, and is referred to as a doubly-selective channel. 
1.2 Multiple-Input Multiple-Output (MIMO) Channel 
For a Rayleigh fading channel, the relation between the overall bit error rate (BER) and 
the average received signal-to-noise ratio SNR can be approximated as [15]: 
BER "" 1 
4 SNR 
(1.2.1) 
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Figure 1.1. A comparison between additive white Gaussian noise (AWGN) channel and 
Rayleigh fading channel. Bit error rate (BER) over Rayleigh fading channel is worse than 
the performance over an AWGN channel [15]. 
This relationship shows that BER decays inversely proportional to the SNR and is due 
not only to additive noise, but mainly because the channel gain is random and there 
is a significant probability that the channel is in a deep fade [22]. Figure 1.1 shows a 
comparison between an additive white Gaussian noise (AWGN) channel and a Rayleigh 
fading channel; for the AWGN channel the only possible reason for non zero BER is 
the additive noise. Thus the performance over the AWGN channel is much better for 
example at 10-3 average BER, the Rayleigh fading channel performs worse that the 
AWGN channel by 17dB. Equation 1.2.1 is an approximation of the real calculation, 
but it provides an insight into how error probability occurs. This poor performance re-
sulted from the dependance of the reliable communication on a single signal path which 
has a significant probability to be in a deep fade. If the channel introduces signal dis-
tortion due to fading, the system performance can exhibit an irreducible error rate in 
other words: no amount of signal-to-noise-ratio will improve the situation [21]. This 
performance can be improved by using some form of mitigation to remove or reduce dis-
tortion. The type of the chan.nel fading suggests the suitable mitigation technique such as 
equalization, the maximum likelihood estimation, spread spectrum techniques [23], and 
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orthogonal frequency-devising multiplexing. Once the distortion is mitigated a further 
step towards performance improvement can be obtained by ensuring that the information 
symbol passes through multiple signal paths, where each of them fades independently. 
As a result, the reliable communication is possible as long as one path is strong, since 
having at least one strong path has a high probability, this technique is called diversity. 
The term diversity is used to denote any available technique to provide the receiver with 
uncorrelated copies of the signal. 
Diversity methods can be obtained over time, frequency, code, and space (or over a 
combination of them) and are powerful tools to increase capacity and coverage in wireless 
channels. I3asically there are three mean forms of diversity: temporal (time) diversity, 
frequency diversity, and spatial (space) diversity. 
• Temporal diversity is applied to the channel which has time selective fading. The 
information is averaged over a time span that is larger than the coherence time of the 
channel. The coherence time is the minimum time separation between independent 
channel fades. Time diversity is usually obtained by coding and interleaving. One 
shortcoming of time diversity is the inherent delay incurred in time spreading. 
• Frequency diversity is applied to the channel which has frequency selective fad-
ing. The information is averaged over a frequency bandwidth that is larger than 
the coherence bandwidth of the channel. The. coherence bandwidth is the min-
imum bandwidth separation between independent channel fades. The coherence 
bandwidth is inversely dependent on the delay spread of the channel. Frequency 
diversity is obtained via spread spectrum techniques (SS), orthogonal frequency-
division multiplexing (OFDM) or alternatively by single-carrier frequency-domain 
equalization (SC-FDE) techniques. Later in the chapter OFDM will be discussed, 
and SC-FDE techniques will be presented. 
• Spatial diversity is obtained by receiving and/or sending the information from an-
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Figure 1.2. Antenna configurations in ST multiple antennas wireless systems [9]. 
tennas that are spaced apart by more than the coherence distance. The coherence 
distance is the minimum spatial separation of antennas for independent fades. The 
coherence distance depends on the angle spread of the multipath [24]. This section 
is concerned mainly with spatial diversity. 
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1.2.1 Antenna Configurations in ST Wireless Systems 
Figure 1.2 illustrates different antenna configurations for space-time wireless links. Single-
input single-output (SISO) has a single transmit antenna and single receive antenna 
and is a familiar configuration, single-input multiple-output (SIMO) has a single trans-
mit antenna and multiple receive antennas (Mr), multiple-input single-output (I\!ISO) 
has multiple transmit antennas (Md and a single receive antenna, and multiple-input 
multiple-output (MIMO) has multiple transmit antennas (Md and multiple receive an-
tennas (Mr ), and lastly the multiple-user MIMO (MU-I\IIMO) is the MIl\fO configuration 
with K users. The coherent combining effect of multiple antennas results in an average 
increase in the SNR at the receiver, this gain is called the array gain. According to which 
side has the mnltiple antennas, diversity can be called transmit diversity or receive di-
versity. Channel knowledge at the transmitter is essential so the signal can arrive at the 
receiver in phase, but when the channel is unknown to the transmitter, transmit diversity 
requires coding and interleaving. On the other hand, receive diversity is independent of 
coding or modulation schemes. Receive diversity also provides array gain which is pro-
portional to the number of receive antennas. Classically, using multiple antennas at the 
receiver and performing combining or selection and switching improves the quality of the 
received signal. Cost, size and power of the remote unit are the major shortcomings of 
this approach [13). In narrowband MIMO systems both transmit and receive antennas 
are combined to have a larger diversity order which is equal to MrM,. Link stability 
induced with increasing order of spatial diversity is demonstrated in Figure 1.3 where a 
progressive increase in the mean signal level with increasing diversity order is observed [9)· 
and [25). 
Spatial diversity gain can be obtained only when there are multiple antennas at both 
ends of the link. MIMO opens up multiple data pipes within the same frequency band 
to result in a linear increase in capacity. This increase is proportional to the number 
of antennas and comes at no extra bandwidth or power consumption. This attractive 
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Mr -. 00 [9J. 
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characteristic is called spatial multiplexing (SM). In MIMO systems the transmitted 
signal can be divided into a number of parallel streams, then transmitted at the same 
time within the same frequency band from the multiple antennas at the transmitter 
side of the link. After mUltipath propagation, each transmit antenna will have it own 
spatial signature at the receiver, which will separate the individual data streams. MIMO 
systems get the benefit of transmit diversity, receive diversity, spatial multiplexing as a 
combination of diversity and multiplexing, at an extra cost for the hardware needed for 
the multiple antennas. 
In broad band MIMO systems both spatial and temporal diversity are available, i.e. 
MrMtMl where Ml is the length of the channel. In this thesis, however, exploitation 
of the spatial diversity in broadband MIMO channels will be the focus [10]. 
1.2.2 MIMO Channel and Signal Model 
In typical ST wireless systems that use a specific bandwidth of operation and more than 
one antenna at the transmitter and/or receiver at specific locations, the time-varying 
channel impulse response h(T, t) is considered to be from the input of the pulse-shaping 
filter g(T), through the propagation channel p(T, t), to the output of the receiver matched 
filter. This combination makes h(T, t) a narrow bandwidth channel. 
Having a MIMO system with M t transmit antennas and MT receive antennas-and 
knowing that the impulse response between the jth (j = 1,2, ... , M t ) transmit antenna 
and the ith (i = 1,2, ... ,MT ) receive antenna is noted by hi.j(T,t), the 1\111\10 channel 
is given by the MT X M t matrix H(T, t) [9] with 
H(T, t) = 
hl.l(T, t) 
h 2,I(T, t) 
h l ,2(T, t) 
h2,2(T, t) 
hl,MJT, t) 
h2,M, (T, t) 
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(1.2.2) 
The vector [ hl,j(T, t) h 2,j(T, t) ... hM"j(T, t) r is the induced channel by the jth 
transmit antenna across the receive antenna array. By having the signal Sj (t) sent from 
the jth transmit antenna, the received signalylft), with the assumption of no noise at 
the receiver, is given by 
M t 
ylft) = .L hi,j(T, t) *Sj (t), i = 1,2, ... , Mr 
j~1 
This results in a MIMO channel matrix notation as 
(1.2.3) 
(1.2.4) 
where * denotes the convolution operator, s(t) = [ SI(t) 
M t x 1 vector and y(t) = [YI(t) Y2(t) ... YM"(t) r 
correlation between elements of H are determined by [9]: 
is an Mr x 1 vector. The 
• The locations of the scatterers . 
• Antenna element patterns and geometry. 
• The scattering model. 
1.2.3 Capacity of MIMO Channels 
As mentioned earlier in Section 1.2, MIMO systems provide a better capacity gain com-
paring with SISO channels. Shannon's capacity formula for a deterministic SISO single 
coefficient (memoryless) channel is given by [24, p. 90.5] 
(1.2.5) 
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Figure 1.4. Block diagram to show the forward link (downlink) from the base station 
to the users in a MU-MIMO communication system. 
where the SISO channel has an input-output relation as 11 = hs + nand n is the noise, 
p is the average transmit power and E{[nI2} = 1. On the other hand, with deterministic 
MIMO systems having the transmitted signal composed of M, components, then the 
capacity of the channel H is given by [24, p. 90.7] 
( 1.2.6) 
where det(X) is the determinant of X and XH is conjugate transposition of X. It has 
been demonstrated in [26] and [27] that the capacity in MIMO systems grows linearly 
with m = min(M" Mrl rather than logarithmic with increasing SNR. This result 
clarifies the significant advantage of using MIMO provided independent fading paths are 
present. 
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Figure 1.5. Block diagram to show the reverse link (uplink) from the users to the base 
station in a MU-MIMO communication system. 
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1.3 Multiple-user MIMO 
Figures 1.4 and 1.5 depict communication systems where the base station is equipped 
with multiple antennas to serve multiple-users with one or more antennas per user. This 
channel class is known as multi-user MIl\!O channel (MU-MIMO). Figure 1.4 shows the 
forward link (downlink) from the base station to the users which can be considered as 
a vector/or matrix broadcast channel (BC) (vector or matrix depends on if the user 
deploys one or more receive antennas). On the other hand, Figure 1.5 shows the reverse 
link (uplink) from the nser to the base station which can be considered as a vector/ 
or matrix multiple access channel (MAC). Multiple access schemes would allow users 
to share the same physical channel. This thesis is mainly concerned about MU-MIMO 
communication systems within the SC-FDE context. The thesis proposes solutions to 
improve the performance in this communication system for both uplink and downlink in 
each separate proposal. 
Designing an efficient multi-user multiple access scheme for reliable communications is 
one of the most challenging issues in wireless communication systems. One main challenge 
that limits the performance of multi-user schemes is co-channel interference (CCI) which 
is the interference introduced by other users signals on the receives signal of a specific 
user. The nature of the CCI differs according to the type of the employed multiple 
access technique. There are four main types of multiple access technique: frequency 
division multiple access (FDMA) where all users share the same physrcal channel at 
the same time but each nser is allocated a different frequency sub-band, time division 
multiple access (TDMA) where all users share the same physical channel and the same 
frequency band but each user is allocated a different time slot, code division multiple 
access (CDMA) where all users share the same physical channel and the same frequency 
band but each user is allocated a different coding scheme, and space division multiple 
access (SDMA) where all users share the same frequency bandwidth and communicate 
at the same time but exploit differences in spatial signatures induced by the spatially 
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dispersed users. This exploitation is performed by signal processing techniques at the 
transmitter(s) and/or receiver(s) to make sure signals for different users are separated in 
the spatial (or antenna) dimension [14] and [28]. 
Based on their differences, single-user MIMO (SU-MIMO) and MU-MIMO pose dif-
ferent prospectives as follows. 
• SU-MIMO is a point-ta-point link with a defined link capacity while in MU-MIMO, 
the link is MAC for the uplink or BC for the downlink and the link rate is char-
acterized in terms of the capacity region [29] and [30]. The relationship between 
MAC and BC capacity regions remains a subject of research [9]. 
• In MU-MIMO, the path loss of each user is different than the others dne to the 
near-far distribution in range [9], although these differences can be compensated 
by power control, this benefits the stronger user. In SU-MIMO there is nci near-far 
problem. 
• In SU-MIMO, antennas share the same location where cooperation between the 
antennas can be employed in the encoding/ decoding processes. The cooperation 
in MU-MIMO is limited between the users. Users can cooperate in the encoding 
on the downlink at the base station and in the decoding on the uplink [9]. 
• In SU-MIMO, if the channel state information at the transmitter (CSIT) is not 
known, there will be a penalty on the capacity but in a lesser extent when it is not 
known for the MU-MIMO systems [9]. 
1.4 Single-Carrier Modulation With Time Domain Equalization at the Receiver 
Time-domain equalization (TDE) was developed originally for 181 mitigation in narrow-
band wireline channels in various techniques such as linear equalization (LE), maximum 
likelihood sequence estimation (ML8E) and decision feedback equalization (DFE). TDEs 
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were adopted in international standards for voiceband telephone modems [3J. TDEs can 
be employed in broadband wireless communications but the number of operations per 
signaling interval grows linearly with the data rates or equivalently with the ISI span [5J. 
This is performed by employing one or more transversal filters where the number of its/ 
their adaptive tap coefficients is on the order of the number of data symbols spanned 
by the multi path. For a 5 l\lHz symbol frequency, a 20~ multipath delay profile spans 
100 data symbols this would require a filter with at least 100 taps and at least several 
hundred multiplication operations per data symbol. This complexity would present the 
time-domain equalization approach as particulary unattractive. 
1.5 Orthogonal Frequency Division Multiplexing 
Basically, OFDM transmits multiple modulated subcarriers in parallel where each sub-
carrier occupies a narrow bandwidth whose channel distortion can be easily compensated 
for or equalized at the receiver on a subcarrier-by-subcarrier basis provided the effective 
channel is static during the whole OFDM symbol. Generation of the multiple subcarricrs 
is performed by employing inverse fast Fourier transform (IFFT) at the transmitter on 
blocks of N data symbols. Then extraction of the subcarriers at the receiver is obtained 
by the fast Fourier transform (FFT) operation on blocks of the same length N received 
samples. For the last two decades, with the availability of low-cost digital signal proces-
sors, OFDM has become very popular since fast Fourier transform operations need to be 
implemented for both modulation and demodulation. In particular, coded OFDM has 
been adopted by IEEE standardization bodies and major manufacturers for a wide range 
of applications. This is spurred by intensive research activities in academic and industrial 
societies [28J. 
On the other hand, the insertion of a cyclic prefix (ep), of a length exceeding the 
maximum expected delay spread, at the beginning of each block by repeating the last 
data symbols in a block is used to mitigate the channel memory. Then, the cyclic prefix 
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is discarded at the receiver. The purpose of this CP insertion is to mitigate ISI from 
the previous block, by mathematically making the received block appear to be periodic 
with period N which results in a circular convolution appearance. Circular convolution is 
essential for proper functioning of the FFT operation. In the time-domain, a multicarrier 
signal is the sum of many narrow band signals. This sum fluctuates from large at some 
time instances to small at other times which means that the peak value of the signal 
is substantially larger than the average value. As a result OFDM signals have a high 
peak-to-average power ratio (PAPR). High PAPR reduces the efficiency and increas<'..s 
the cost of the radio frequency (RF) power amplifier, which is onc of the most expensive 
components in the radio. High PAPR is considered and remains as the major challenge 
that faces OFDM implementation [6]. Moreover, OFDM is sensitive to carrier frequency 
offsets. 
1.6 se Modulation With Frequency Domain Equalization at the Receiver 
Frequency domain equalization is an analogous operation to what is performed within 
conventional time-domain equalization with only simpler computational load. SC-FDE 
. shares the same reason for this computational simplicity with OFDM where the equal-
ization is performed on a block of data at a time employing efficient FFT units and a 
simple channel inversion operation. Moreover, Sari et al. [5] and [7] showed that SC-FDE, 
combined with a eyclic prefix, has the same performance and low complexity of OFDM 
systems. This staggering similarity motivated research communities to configure systems 
where SC-FDE and OFDM can coexist [2]. 
The lower part of Figure 1.6 depicts a block diagram of SC wireless communication 
system employing FD equalization. Each data block consisting of N symbols is a result 
of grouping consecutive l092C information bits, after the mapping to C-ary complex con-
stellation and serial to parallel conversion (both are not shown in the figure). Then, each 
block is cyclically extended by inserting a repetition of its last symbols at its beginning. 
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At the price of a bandwidth and energy loss due to the presence of data redundancy, 
CP introduces periodicity over a limited observation interval in the transmitted signal so 
that each data block can be processed independently and the linear convolution associated 
with channel filtering is turned to a circular convolution provided that the duration of 
the prefix is longer than that of the channel delay spread. The sequence of this cyclically 
extended block is converted from parallel to serial (not shown) before the transmission 
over a wireless channel. The channel is characterized by a time dispersion not exceeding 
L channel symbol intervals. 
At the receiver, for each noisy data block, the CP samples are stripped and discarded 
where the resulting blocks are ser:t to FFT units to convert them to the FD. This is 
followed by an FDE compensating for channel distortion and by an IFFT block bringing 
the noisy signal vector back to the TD. Finally, data decisions are made on a block-by-
block basis. 
1.7 Comparison between SC-FDE and OFDM 
Figure 1.6 presents a comparison between SC-FDE and OFDlvI systems where the upper 
half is for OFDM and the lower one is for SC-FDE. In both cases: onc pair of FFT /IFFT . 
units is employed in the system. However, they function and arc placed differently. For 
the OFDM system the FFT /IFFT are used for modulation and demodulation whereas, for 
the SC system they are all employed in the digital receiver for converting TD signals to the 
FD and back to enable compensation for channel distortions in the FD [31] and [2]. This 
different use of FFT /IFFT processing resulted in different detection processes where the 
detection in OFDM systems is performed in the FD whereas it is performed in the TD for 
SC systems. In OFDlvI systems the detection consists of one complex multiplication per 
subcarrier to compensate for the channel distortion whereas for SC systems the equalizer 
is followed by the detection which represents a suboptimal approach to data estimation, 
optimal detection would be nonlinear and much higher in complexity. Although both 
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Figure 1.6_ Block diagram to show comparison between SC-FDE and OFDM systems 
where the upper half is for OFDM and the lower one is for SC-FDE. The FFT/IFFT 
units pair is employed in both systems. However, they function and are placed differently. 
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systems employ a CP to eliminate inter-block interference (IBI), OFOM systems suiTer 
from PAPR and carrier frequency offset where SC systems enjoy same immunity from 
these impairments. 
1.8 Thesis Structure and List of Contributions 
This work is motivated by the desire to achieve reliable communications systems by 
exploiting the available bandwidth and power at a reasonable cost over channels affected 
bT severe disturbance. Specially, the focus here is on the class of frequency-selective 
channels, which are subject to inter-symbol interference. Intersymbol interference arises 
when successive transmitted symbols are smeared together in time by the communication 
channel to the extent that they overlap at the receiver side. Such a phenomenon is 
commonly encountered over radio links for example, where the signal at the receiving 
unit is formed by the super position of multiple propagations paths affected by different 
delays of arrival [32]. 
In multiple-user communications, it is necessary to design schemes that are able to 
suppress co-channel interference (CCI). This work examines several issues related to sup-
pressing CCI in multi-user scenarios through the use of precoders and decoders at the 
transmitters or receivers. This thesis is mainly concerned about MU-MIMO communica-
tion systems within the SC-FOE context. The thesis proposes solutions to improve the 
performance in this communication system for both the uplink and downlink. 
This thesis is organized in six chapters. In Chapter 2 a focused literature review 
for MU-MIMO-SC-FOE communication systems is presented. The chapter will detail 
the history of the concept of SC-FOE, the comparison between SC-FOE and OF OM 
systems, and 'the combining of SC-FOE system with various digital signal processing 
techniques. 
In Chapter 3 a new joint coded two-step interference cancellation technique for an 
uplink multiple-user MIMO-SC-FOE system is proposed as an alternative solution for 
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OFDM systems. To overcome the peak-to-average-power ratio limitation of multicarrier 
systems such as OFDM, the scheme employs single-carrier frequency-domain equalization 
(SC-FDE) based modulation combined with time-reversed space-time block codes (TR-
STBCs). As an effort t.o cancel the ccr, the receiver performs minimum mean-squared 
error (l\!MSE) interference suppression at the first stage, and then, CCI cancellation is 
implemented with a bank of single-user channel decoders. Also, forward error correction 
outer convolutional encoding, and random bit interleaving are used to correct for carriers 
which are in deep fade. To verify the utility of the proposed approach, the chapter 
also includes two sets of average symbol error rate simulations for two different channel 
models. The first set is for a frequency selective quasi-static fading channel while the 
second set is for a Rayleigh fading channel modelled by a modified Jakes' model, both 
of which confirm the advantage' of the proposed scheme. The work of this chapter is 
supported by the publication of [33J and [34J. 
The contributions in Chapter 3 are: 
• The design of the two-step interference cancellation technique for an uplink multiple-
user MIMO-SC-FDE scheme. 
• The combining of the proposed scheme with TR-STBC. 
• Studying the performance with a frequency selective quasi-static fading channel. 
• Studying the performance with a Rayleigh fading channel modelled by a modified 
J akes' model. 
As the computational complexity of the MS must remain relatively low, there is a 
trend to keep the majority of the hm-dware complexity at the 13S. This motivates the 
proposals presented in the next two chapters. 
In Chapter 4, a multiple-user robust frequency-domain transmit beamformer for 
MIMO-SC-FDE is presented. This scheme is shown to be less sensitive to practical 
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CSI errors. A signal-to-leakage-ratio-based optimization criterion is adopted to design 
this robust MU beamformer. This criterion is chosen because it keeps a balance between 
the suppression of ISI and CCI. In the SLR approach the transmit weight vector for the 
k-th user is optimized whilst minimizing the interference (leakage) caused to the other 
users. Then, the minimum mean square error (l\IMSE) criterion is employed for the re-
ceiver equalization and combining to suppress the ISI and the residual CCI. Simulation 
results show that the proposed scheme can effectively provide better BER performance 
than the non-robust scheme. The work of this chapter is supported by the publication 
of [35] and [36]. 
The contributions in Chapter 4 are: 
• The design of a multi user robust frequency-domain transmit beamformer for l\lIMO-
SC-FDE scheme. 
• Providing the solution for the combining / equalization parameters. 
• Comparing the performance of the proposed scheme with non-robust beamformers. 
• Comparing the performance of the proposed scheme with OFDlvl syst.ems in bot.h 
cases: robust and non-robust. 
In Chapter 5, combining Alamouti-type coding and a frequency-domain robust beam-
former within a multiple-user downlink single carrier frequency-domain lvlllvlO syst.em is 
presented. To improve the bit-error-rate performance, convolutional coding with Viterbi 
decoding is employed as the forward error correction (FEC) technique. Random permuta-
tion bit interleaver and a standard half rate and constraint of three convolutional encoder 
was employed in the convolutional encoder at the BS, while a Vitcrbi decoder was em-
ployed at the MS. Simulation results showed a substantial I3ER performance improvement 
is achieved by employing FEC on the proposed system. In combining Alamouti-like outer 
coding with FD beamformer model, the FD robust beamformer is serially concatenated 
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with the linear Alamouti decoding process. Simulation results show a I3ER performance 
improvement is achieved by employing the outer coding on the proposed system. It is 
observed that the the outer coding provides a I3ER performance improvement which is 
very close to the improvement provided by the FEe. The outer coded robust system 
provides a 4dI3 performance improvement over the outer coded non-robust bcamformer 
at a BER of 10-3 • In combining Alamouti-like inner coding with FD beamformer model, 
the FD robust beamformer is serially concatcnated with the linear Alamouti decoding 
process but both of them are placed after the FFT units. Since the technique preserves 
the algebraic structure of the Alamouti code, it sustains the orthogonally of the Ml1\10 
channel in the presence of beamforming. Hence, the maximum-likelihood (ML) decoding 
process is achieved by simple linear processing. Simulation results showed that there is no 
difference in BER performance between combining the outer coding and the inner coding 
with the robust beamformer. A careful study of Sadek, Tarighat, and Sayed's combining 
scheme with the robust beamformer system showed that while the combination works 
perfectly for the single-user, it is not applicable for the multiple-user case. 
The contributions in Chapter 5 are: 
• The extension of the proposed robust FD beamformer with Alamouti-like STI3C in 
the time-domain. 
• The extension of the proposed robust FD beamformer with Alamouti-like STI3C in 
the frequency-domain. 
• Comparing both extensions with FEC, and repetition coding. 
Finally in Chapter 6, conclusions of this work and some concluding remarks as well 
as suggestions for future research are presented. 
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Chapter 2 
LITERATURE REVIEW 
2.1 Introduction 
Digital transmission over band-limited mUltiple-user channels will typically encounter 
three major impairments for reliable communications, namely additive noise, inter-symbol 
interference (ISI), and co-channel interference (CCI). In addition, a fourth impediment 
may also arise over radio links, where the received signal power randomly fluctuates with 
time which may cause deep fades in reception. This perturbation is called signal fading. 
Signal fading is usually overcome through the use of diversity techniques [9], where the 
receiver is supplied With several independent replicas of the transmitted message. Addi-
tive noise is a phenomenon of all practical transmission systems, and is usually mitigated 
through the use of appropriate channel coding techniques. ISI constitutes one of the ma-
jor obstacles to reliable high-speed data transmission techniques over high signal-to-noise 
ratio (SNR) channels with limited bandwidth. A common solution to combat ISI involves 
deploying equalization techniques at the receiver side where the probability that all sig-
nal components will fade simultaneously is reduced considerably. CCI is combated by 
interference cancellation at the receiver or beamforming at the transmitter. This chapter 
aims at providing a literature survey for the relevant background material regarding the 
subject of MU-I\UlIfO-SC-FDE communication systems. 
In 1973, FDE was first investigated by Walzman and Schwartz [37]. In their pa-
per they developed a new mean-square-error automatic equalizer for synchronous data 
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transmission. They showed that adaptive channel FOE leads to a lower computational 
complexity and olTers better convergence properties compared to its TOE counterpart. 
The FFT algorithm's speed of computation was a matter of concern at the pUblication 
time of [37J. The paper suggested a method to decrease the amount of computations 
where a heuristic approach for finding a starting point is described in Walzman's PhO 
thesis [38J. FOE, after that, attracted attention within the signal processing community 
as a particular implementation of multirate adaptive filtering [39J. It was treated within 
that framework because the signal could be processed at a lower sampling rate than the 
incoming data. 
When OFOM was first proposed it was assumed that single carrier transmission is not 
adequate for severe multipath radio channels. By the mid-1900s, a series of articles by 
Sari et al. were published [5-7J suggesting that this assumption is a result of constraining 
SC to using a time-domain equalizer. Analysis and comparisons between 0 FO!VI and 
SC-FOE techniques were presented in [7J. It was shown that a SC-FOE system can 
substantially outperform an OFOl\1 system using the same FFT block length in the 
absence of channel coding. On the other hand, SC-FOE achieves similar performance 
to OFOM in the case with channel coding and interleaving. The authors emphasized 
the advantages of SC-FOE over OFOM because of its low sensitivity to nonlinear signal 
distortion, and significant alleviation of the carrier synchronization problems in OFOl\! 
systems. 
Sari et al. in [5J presented SC-FOE as a potential transmission techniques for digital 
terrestrial TV broadcasting. After pointing out the strong analogy between OFOM and 
SC-FOE systems, it turns out that in the absence of channel coding, SC-FOE can in fact 
substantially outperform OFOM signaling. OFOM systems are known by their require-
ment for powerful channel coding and frequency-domain interleaving to recover inherent 
performance loss. The article concluded that SC-FOE offers the possibility of single-
frequency networks for digital terrestrial TV broadcasting while alleviating the nonlinear 
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distortion and carrier synchronization problems inherent to OFOM. It is worth noting 
that Sari's work was for SISO case. The extension of SISO-SC-FOE to MIMO system 
was proposed in [l1J. 
It was next suggested that a single carrier system with frequency-domain equalization 
(SC-FOE) can be considered as an alternative solution for multi path propagation chan-
nels which are characterized as highly-time-dispersive channels [2J. SC-FOE is currently 
enjoying a growing research interest resulting in a number of publications in the last 
few years. The general trend in research efforts is to extend the already proven OFOM 
technologies to SC-FOE. The research has spanned over a wide area of topics such as 
comparison between OFOM and SC-FOE systems over various environments [8,31,40]' 
exploiting spatial and frequency diversities by integrating SC-FOE systems into various 
I\1IMO systems [11,19,41-47]' the study of the possibility of OFOM and SC-FOE sys-
tems coexistence [2], and the design of nonlinear equalization techniques and the use of 
SC-FOE with nonlinear modulation formats [48-52J. The topic of applying the SC-FOE 
technique over a multi-user 1I11MO environment has only been studied recently and this 
work is extended as the contribution of this thesis. 
In the rest of this chapter a detailed literature survey about each previously mentioned 
topic will be presented. 
2.2 Comparison Between OFOM and SC-FOE Systems Over Various Environments 
Giannakis et al. in [8J presented a comparison between OFOM and single-carrier block 
transmissions over frequency selective and random channels. While this comparison was 
built on [7], it differs in the following aspects: it compares OFOM with block zero-padded 
single-carrier transmissions, quantitative PAR comparisons for OFOM and zero padded 
(ZP)-only for various eonstellations was presented, also the paper studied the effects of 
carrier frequency offset (CFO) on bit error rate (I3ER) performance and information 
throughput. ZP-only transmission is single carrier transmission where a number of zeros 
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are inserted periodically in the symbol stream as guard symbols. At the receiver block 
minimum mean square error (!I1MSE)-DFE and simple linear equalization is used [53]. 
The conclusion from the work in [8] was SC-FDE with ZP-only has lower PAPR, and its 
SNR performance is better than OFDM. The uncoded ZP-only SC-FDE enjoys maximum 
diversity and coding gains advantage over uncoded OFDM for random frequency selective 
channel at the price of receiver complexity due to the needed additional DFT blocks 
required. ZP-only SC, in the coded case, has better performance than OFDM for high 
rate codes such as (3/4 rate), while coded OFDM is better for low rate codes such as 
(1/2 rate). 
Performance comparison of OFDM and FDE single-carrier modulation for spatial 
niultiplexing MI!I10 systems is presented also in [40]. This paper compares the SC-
FDE with CP and OFDM over a MIMO channel. !I1oreover, it analyzed the extension 
and applicability of fundamental MIlvIO equalization and detection techniques to CP-
SC-FDE systems such as zero forcing (ZF) and MMSE. I3ased on I3ER performance 
simulations, the paper showed that CP-SC-FDE-MIMO systems can equal or outperform 
MIMO-OFDM in uncoded and high coding rate systems. 
The previous two comparisons were mainly limited to SC with a frequency domain lin-
ear equalizer (FD-LE). Non-linear equalization such as v.':ith a decision feedback equalizer 
(DFE) suffers less from noise enhancement than linear equalizers at the price of higher 
complexity [12]. DFE is incorporated with a SC-FDE communication system in [31] as 
a frequency domain decision feedback equalizer (FD-DFE) for SC modulation with the 
fixed cyclic prefix over a SISO frequency-selective channel, with its feedforward part per-
formed in the frequency-domain and its feedback part is implemented in time-domain. 
The study also, includes a comparison between the proposed system and its OFDM coun-
terpart. The comparison is based on two cases with/ and without channel loading. With 
channel loading, the transmitter knows the channel impulse response and maximizes the 
capacity of the system by selecting the constellation for each sub-band of the OFDM and 
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for the unique channel of the SC modulation. 130th systems performed very closely in 
the first scenario while FD-DFE outperformed the OFDM in the case of without channel 
loading. This proposal has a draw back of being hard to combine with the block filter 
structure. 
2.3 Combining SC-FOE with MIMO Techniques 
AI-Dhahir [19], inspired by the attractive features 1 of Alamouti's space-time block-coding 
(STI3C) scheme [13], was the first to propose the combination of STBC with the single 
carrier minimum mean square error frequency-domain equalization (SC-Ml\1SE-FDE) 
scheme to realize the benefits of both schemes [19]. This low-complexity single-carrier 
transmit-diversity scheme for frequency-selective channels provided a substantial perfor-
mance improvement over single-antenna transmission. 
With no additional space time code, SISO-SC-FDE was extended to MIMO-SC-FDE 
III [11,41] with spatial multiplexing (SM). SM is a concept where MIMO systems are 
exploited by transmitting the signal over all transmit antennas, each one transmits dif-
ferent data streams called layers. Comparable to the vertical I3LAST (l3ell laboratories 
layered space-time) (VBLAST) scheme, the SM system was extended to one that uses 
successive interference cancellation (SIC) to minimize the cross-layer interference. SIC is 
a technique borrowed from multi-user detection .. In the case of SM for MIMO systems 
every layer can be considered as one user and the other layers are the interferers. \Vhen 
one layer of the transmitted signal is estimated, it can be considered as an interference 
which will be subtracted from the received signal so the interference for the next layer 
can be reduced. Combining SC-FDE with SIC achieved a substantial gain at the price 
of high implementation complexity. 
Based on [31] which is for SISO-SC, a generalization for a l\1Il\10-SC system is pro-
IThe features are: Fin,t\ channel state information at the tralU;mitter is not rtXJ.uircd. Second, its 
achievement of full spatial diversity for two transmit antennas. Third, maximum likelihood decoding of 
. STlle is a simple symbol-wise linear processing. 
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posed in [43J. The system consists of a parallel multistage decision feedback equalizer for 
a SC-MIMO system over layered space-time frequency selective channels. It can achieve 
better performance than MIMO-OFDM. 
Combining multiple receive antennas with OFDM improves system capacity and per-
formance. However, each receive antenna is required to be equipped with its own discrete 
Fourier transform (DFT) blocks to fully take advantage of the spatial diversity. Huang 
et al. in [44J proposed a general receiver architecture for an OFDM system employing 
multiple receive antennas with a lesser number of DFT blocks. The architecture is based 
on orthogonal designs [54J. Then, the same architecture was applied on a SC-FDE sys-
tem in [45J. Basically, the structure is to substitute the DFT blocks in the conventional 
frequency-domain equalizers by a combination of three digital signal processes: pre-DFT, 
DFT, and post-DFT. This combination performs the same function of the conventional 
frequency-domain equalizers but with less DFT blocks. 
Based on the singular value decomposition (SVD) algorithm, frequency-domain pre-
and post-processing in a MIl\fO SC-FDE spatial Multiplexing (SM) scheme is presented 
in [46]. In this scheme channel knowledge at the transmitter, which can be gathered 
by the transmitter on its uplink in time division duplex (TDD) systems or via feedback 
from the receiver in frequency division duplex (FDD) systems, is exploited by the pre-
processing [55J. Then, a comparison between the proposed SC-FDE system and its OFDM 
counterpart showed that SC-FDE outperforms OFDl\! for the uncoded transmission and 
provides a close performance for the coded one. 
A hybrid time-frequency-domain equalizer is presented in [47J. A combination of a 
feedforward frequency-domain equalizer and an array of time-domain noise predictors 
(NPs) is further combined with a MIMO system. When compared to the conventional 
FD-DFE scheme, the FDE-NP has lower complexity to achieve the same performance in 
uncoded systems. The advantage of the proposed FDE-NP scheme is that the feedforward 
FDE and the feedback NPs can be separately optimized which results in reducing the 
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signal processing complexity. 
2.4 Combining SC-FDE with Non-Linear Equalization Methods 
The concept of iterative linear equalization based on the MMSE criterion for MIMO sys-
tems was extended for both OFDM and SC-FDE in [48]. Also, a comparison study of the 
channel coded OFDM and SC-FDE systems with iterative detection or equalization for 
spatially-multiplexed (SM) was provided. The comparison is based on data transmission 
in terms of packet error rate (PER) performance and computational complexity. The 
study showed, almost similar PER performance of OFDM and SC-FDE with a higher 
computational complexity for the latter due to the use of its FFT !IFFT units. 
Two novel FDE architectures are proposed in [49] to combat wireless MIMO frequency 
selective channels. The first architecture combines the conventional FDE with time-
domain decision feedback (TD-DFE) where the conventional FDE is concatenated within 
a TD-DFE structure, and the second architecture combines FDE with parallel interference 
cancellation (FDE-PIC) where PlC is performed in the FD and placed just before the FDE 
and after the DFT blocks. Both architectures are shown to have better performance than 
the conventional FDE, OFDM and time-domain DFE structures especially at a higher 
delay spread. 
A class of receivers know as layered space-time architecture (LST) [56] was extended 
to a lvlIMO system in [50] and then a frequency-domain linear precoder as a multiple-
beamformer was proposed in [51]. The two proposals were combined in one scheme for 
lvIIMO-SC-FDE system. CSI information is assumed to be known at both communica-
tion sides. The receiver utilizes a hybrid MIMO-DFE consisting of a frequency-domain 
fractionally spaced feed forward filter and a time-domain feedback filter. 
, 
Combining continuous phase modulations (CPMs) with both linear frequency-domain 
equalization and decision feedback equalization is illustrated in [52]. Motivated by the 
excellent properties of continuous phase modulations (CPMs) in terms of both spectral 
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and power efficiency, [52] provided a unifying framework for FO-MMSE equalization of 
CPM signals under the assumption of a known communication channel, and both linear 
and decision-feedback algorithms arc derived and analyzed. Results showed both systems 
offer excellent error performance at the price of a limited computational complexity. 
2.5 Summary 
The chapter presented a brief history of FOE which wa~ first investigated by Walzman 
and Schwartz [37J by developing a new mean-square-error automatic equalizer for syn-
chronous data transmission. They showed that adaptive channel FOE leads to a lower 
computat.ional complexity and ofTers better convergence properties compared to its TOE 
counterpart. 
FOE, after that, was treated within the framework of implementing FOE in multirate 
adaptive filtering. By the mid-1990s, Sari et al. [5] suggested that the assumption of 
single-carrier transmission is not adequate for severe multipath radio channels is a result 
of constraining SC to using a time-domain eqnalizer. Analysis and comparisons between 
OFOM and SC-FOE techniqnes were presented to show that a SC-FDE system can sub-
stantially outperform an OFOM system using the same FFT block length in the absence 
of channel coding. On the other hand, SC-FOE achieves similar performance to OFOM 
in the case with cha~nel coding and interleaving. Sari [5J emphasized on the advantages 
of SC-FOE over OFOM because of its low sensitivity to nonlinear signal distortion, and 
significant alleviation of the carrier synchronization problems in OFOM systems. It wa~ 
next suggested that a single carrier system with frequency-domain equalization (SC-FDE) 
can be considered as an alternative solution for multi path propagation channels which 
are characterized as highly-time-dispersive channels. 
SC-FOE is currently enjoying a growing research interest resulting in a large number 
of publications in the last few years. The general trend in research efforts is to extend the 
already proven OFOM technologies to SC-FOE. The research has spanned over a wide 
38 
area of topics such as comparison between OFDM and SC-FDE systems over various 
environments, exploiting spatial and frequency diversities by integrating SC-FDE systems 
into various MIl\IO systems, the study of the possibility of OFDM and SC-FDE systems 
coexistence, and the design of nonlincar equalization techniques and the use of SC-FDE 
with nonlinear modulation formats. The topic of applying the SC-FDE technique over a 
multi-user l\UMO environment has only bccn studied rccently and this work is extcnded 
as the contribution of this thesis. 
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Chapter 3 
A JOINT CODED TWO-STEP 
INTERFERENCE CANCEllATION 
TECHNIQUE FOR AN UPLINK 
MULTIUSER MIMO-SC-FDE SYSTEM 
3.1 Introduction 
Wireless communication systems are envisioned to offer broad band multimedia services 
such as mobile computing and high-speed wireless Internet access to a large population 
of mobile users. This trend is driving communication systems towards higher data rate 
and enhanced quality, thus raising the dilliculty to ensure reliable communications over 
the shared bandwidth. A fundamental challenge for high data-rate transmission is inter-
symbol interference (ISI) due to multi path dispersion. Single-carrier frequency-domain 
equalization (SC-FDE)-based multiple-in put-multiple-output (MIMO) systems have been 
shown to be an effective solution with relatively low complexity in combating ISI whilst 
exploiting multi-antenna diversity gain. Moreover, MIMO-SC-FDE systems are an attrac-
tive solution for broadband wireless communications in particular due to their ability to 
overcome the peak-to-average-power ratio limitation in multicarrier systems such as those 
based on orthogonal frequency-division multiplexing (OFDI\I) [W]. On the other hand, 
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the SC-FDE-based time-reversal space time block coding (TR-STBC) scheme [32] [57] 
is a potential candidate for use within broad band wireless access systems, such as IEEE 
802.16 [9] [10]. The use of MIMO-SC-FDE with TR-STBC coding, transmits the data 
blocks from different transmit. antennas. The orthogonality in the frequency-domain im-
plies that the effects of t.he channel at different frequencies are decouplcd and easily 
equalized, provided the channel is quasi-static, but additional processing is required to 
remove CCL According to the orthogonality principle, the mean-square estimation error 
is minimized when the error is orthogonal [62]. 
The many advantages of using MIMO-SC-FDE for a single-user can also be extended 
to multi user scenarios, where the sum capacity grows linearly with the minimum of K 
and M t (K is the number of users communicating with a base station using M t transmit 
antennas) [58]. 
A minimum mean-square error (MMSE) interference suppression technique is devel-
oped in [59] where the interference from K - 1 co-channels could be perfectly suppressed 
while providing a diversity order of M t x (M, - K + 1) where M,(;? K) is the number 
of receive antennas. In addition, a two-step iterative interference cancellation (IC) and 
ML decoding algorithm that provides additional performance gain over the basic 11MSE 
scheme was given in [60] for a MIMO-OFDM system. The contribution of this chapter 
is that there is no previous work which has been reported in the literature on combining 
MIMO-TR-STBC, SC-FDE-MMSE and the two-step cancellation method to realize the 
combined benefits of these schemes. 
In this chapter, therefore, a joint MMSE interference cancellation scheme is consid-
ered for a broadband uplink system with K synchronous co-channel users (extension to 
asynchronous users is left to future work), each is equipped with time reversed space-time 
block coded (TR-STBC) transmit antennas. It is assumed that the frequency response of 
the channel remains constant over two consecutive blocks, i.e. a quasi-static channel, and 
TR-STBC is employed over two consecutive time-domain blocks. The number of transmit 
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antennas per user is limited in this chapter to M t = 2, but the model can be generalized. 
This proposed scheme is built upon the narrow-band uneoded interference suppression 
and cancellation scheme proposed in [59] to suppress the co-channel interference and 
inter-symbol interference simultaneously. 
The rest of the chapter is organized as follows. The concept of orthogona! space-time 
block codes (OSTBC) is presented in Section 3.2 which will include a discussion about 
the well known Alamouti-code. In Section 3.3 time-reversed space-time block codes (TR-
STBC) technique is applied on Alamouti-eode on a two-transmit-one-receive antennas 
system as a special case in Subsection 3.3.1. The concept of co-channel interference 
suppression is discussed in Scction 3.4. These techniques are combined in extended 
versions in the proposed two-step interference canceller for multi-user broad band MIMO-
SC-FDE communication system scheme which is detailed in Section 3.5. Lastly, the 
chapter is concluded by the simulation results in Section 3.6. 
A note on notation which is included to ensure that the chapter is self-contained: Bold 
upper case X denotes a matrix and bold lowerease x denotes a vcctor. Index in X[n] is 
the discrete time-domain index with n = 0, 1, ... , N -1 while Wt in X(Wt) is the discrete 
frequency index with 1 = 0, 1, ... , N -1 where N is the block length and the index in X( t) 
is for continuous time. X k and x k denote the signal matrix and vector corresponding to 
the k-th user where k € [1,2, ... , K] and K is the total number of users. The matrix 
element indexed by q and r is denoted by X qT • x = vec(X) is the vector obtained by 
stacking the columns of X. IN is an identity matrix of size N. Complex conjugation, 
transposition and conjugate transposition of a matrix are respectively denoted by (.)', 
(.) T and (.) H. E{.} and II.II~ denote respectively the statistical expectation operator and 
squared Frobenius norm operator which is given as IIXII~ = tr{XXH}. FN denotes an 
N x N discrete time Fourier transform matrix for which the (q + 1, r + 1)-th entry is 
JNexp(-j2nqr/N) V q,r € [0, N -1]. A diagonal matrix with the elements of 
x on its diagonal is denoted as diag(x). The element-by-element product operator is 
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Figure 3.1. The general layout of a baseband space-time block coding system model. A 
number of M t antennas is deployed at the transmitter side and Mr receive antennas are 
deployed at the receiving side. 
represented as C0. 
3.2 Orthogonal Space-Time Block Codes 
Alamouti-codes are a special case of the orthogonal space-time block codi!lg (OSTBC) 
and will be employed extensively throughout this thesis. To present a detailed discussion 
for Alamouti-codes, a general form of STBC is presented in the following model first as 
an introduction for the subject. 
Figure 3.1 depicts a wireless communications system equipped with M t transmit 
antennas and Mr receive antennas. In STBC systems, data transmission is performed 
over two dimensions namely: space and time. This is why STC is only applicable for 
MISO and MIMO systems where more than one transmit antenna is deployed. The space 
dimension is employed by transmitting from multiple antennas while the time dimension 
is employed by transmitting over multiple time intervals. At the transmitting side of 
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Figure 3.1 the function of the space-time encoder is to transfer a one dimensional block 
transmission to a two dimensional block transmissions. The STI3C encoder takes a block 
of information bearing signal d[n] = [d[O] d[l] ... d[N - IJ]T, where the time index 
n € [0,1, ... , N - 1] and N is the block length. The encoder output can be represented 
as an STI3C matrix as 
511 512 SlN t 
521 S22 S2N t ~ time s= (3.2.1 ) 
.. 1 space 
SM(l SM(2 SMlN( 
where Sit is the symbol transmitted from the i-th transmit antenna (i € [1, ... , Mtl) 
during t-th time interval (t € [1, ... , Ntl) and N, is the number of time intervals. 
The matrix S is often normalized to satisfy the conventional transmit-power constraint 
M~Nl E{tr{SSH}} = 1. Equation 3.2.1 shows that STBC is a one-to-one mapping from d 
to S as JY(STBC : d <---> S. 
Each column vector of the matrix S is transmitted through all transmit antennas 
simultaneously. The superposition of all the Mt transmitted signals is collected at each 
of the Mr receive antennas at the receiving side. It is assumed, for now, that the channel 
between the i-th transmit antenna and the j-th receive antenna is quasi-static, flat over 
the Nt time intervals. This means that the channel hij can be represented as a complex 
zero-mean Gaussian random variable of a certain value over the block duration of a 
specific STBC matrix but may change from block to block. Under this assumption, the 
t-th received sample at the j-th receive antenna, rjt, can be represented as 
v j € [1, Mrl, t € [1, N t ] (3.2.2) 
where Vj' denotes the zero-mean complex additive white Gaussian noise (AWGN). 
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Considering the Mr x M t size channel matrix 
H= 
Equation 3.2.2 can be expressed in matrix form 
R= J 1 HS+V Mt 
(3.2.3) 
(3.2.4) 
where V is the corresponding noise mat.rix of an (M r x N,) size. The average signal-
to-noise ratio (SNR) per receive antenna is 
SNR = _l_E{tr{HSSHHH}} 
M t E{tr{VVH}} (3.2.5) 
OSTI3Cs were originally proposed for two transmit antennas by Alamouti [13]. This 
was lat.er extended for an arbitrary number of transmit ant.ennas for general orthogonal 
designs [54]. OSTBCs have low decoding complexity which makes them very at.tract.ive. 
Refering t.o Equation 3.2.1 , the mapping MM, xN, of the information bearing signal block 
and the resulting STC matrix can be defined for M t = 2,3,4 as 
[ " -s; 1 (3.2.6) M 2x2 := S2 st 
SI -S2 -53 0 
M 3x4 := S2 si 0 -S3 (3.2.7) 
S3 0 s· 1 S· 2 
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SI -52 -s; 0 
S2 si 0 -s; M 4x4 := (3.2.8) 
S3 0 s· 1 S2 
0 S3 -52 SI 
It is clear that the elements of all the OSTBCs shown above arc either s or s· ( wit.h 
a possible sign change) or zero. Amongst them, the code shown in Equation 3.2.6 was 
discovered by Alamouti [13J. Due to it's simplicity it is considered as the most powerful 
representative form of the OSTBC. 
3.3 Time-Reversed Space-Time Block Codes 
The STBCs presented earlier in Section 3.2 were designed for a flat fading MIMO chan-
nel which is a typical case for narrow band communication systems. But the employ-
ment of multi-antennas in wireless broadband communication systems necessitates tak-
ing frequency-selective MIlvlO channels into consideration. This section will study the 
employment of STBC in the context of a broad band I\fIMO single-carrier communication 
system. 
A multi-antenna system with M, transmit antennas and Mr receive antennas is con-
sidered. The fading channel between the i-th transmit antenna and the j-th receive 
antenna is assumed to be frequency-selective and can be described as a complex valued 
vector of an L + 1 length where L denotes the channel order hij = [h;;(O), ... , hij (L)]T. 
By having si(n) as the transmitted symbol from the i-th transmit antenna at time n, 
then the received symbol Tj(n) at the j-th receive antenna at time n can be represented 
as flMt L 
Tj(n) = V M. L L hjis;(n -1) + vj(n) 
t t=l 1=0 
(3.3.1) 
This input-output relation can be written an a vector-matrix form as 
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(Tl 
r(n) = V M. {; H(l)s(n - 1) + v(n) (3.3.2) 
where the received signal vector is 
(Mr x 1) (3.3.3) 
and the transmitted signal vector is 
(M, xI) (3.3.4) 
and the noise vector is 
(3.3.5) 
and H(l) is the channel matrix for each tap 1, where t € [0, ... , l] is 
H(l) = (3.3.6) 
To derive a frequency-selective MIMO model from Equation 3.3.1 as an equivalent to 
the flat fading model shown in Equation 3.2.4, define the (M, x N tl coding matrix S as 
S = [st~), s(I), ... , srN, -1)] (3.3.7) 
where srn) is the transmitted vector through the M, transmit antennas during the time 
interval n. 
The coding matrix in Equation 3.3.7 can be used to further define a set of matrices 
to represent the frequency-selective MIMO model of channel order L as follows where the 
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subscript is the tap number and the size of each matrix is (M t x N t + l) 
where 0lqxr) is an all-zero matrix of size (q x r). Then the received (Mr x N t + l) matrix 
is 
R = [r(O),r(I), ... ,r(N t -1)] 
(3.3.8) 
The last result can be expressed in vector-matrix form as 
(3.3.9) 
where the equivalent channel matrix Hcq = [H(O), ... , H(l)] and the equivalent trans-
mitted matrix is 
8 cq = 
By comparing the frequency-selective lvlIlvlO model with the flat model, the former can 
be considered as a transmission from (Nt(l + 1)) virtual antennas over a flat fading 
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Figure 3.2. Transmit side of Time-Reversed-Space-Time coding system model. The 
system is a two-transmit-one receive antennas SC-FDE communication system where the 
receive side is not shown. 
channel between each virtual pair of transmit/receive antennas which can ensure an 
(MrMdl + 1)) maximum diversity in a rich scattering environment [10]. 
3.3.1 TR-STBC with Two-Transmit-One-Receive Antennas 
The communication system depicted in Figure 3.2 shows the transmit side of a two-
transmit-one receive antennas SC-FDE communication system. To construct the coded 
transmitted matrix, consider two information bearing blocks 81 and 82 of the same length 
N, then the (2N x 2) coded matrix can be represented as 
(3.3.10) 
where P is a permutation matrix of an (N x N) size. The function of P is to perform a 
specific reverse cyclic shift on any vector of size (N xI) depending on the arrangement 
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of P elements where the later discussion wiII show the reason behind the need for this 
permutation. Two particular permutation arrangements have received more attention 
namely: Po and PI where the former performers a time reversal on the vector s as in 
Pos = 
srN - 1) 
srN - 2) 
s(O) 
and the latter which can be represented as 
s(O) 
srN - 1) 
PIS = srN -2) 
s(l) 
corresponds to taking the N-point FFT or IFFT twice on the vector s as follows 
F-IFH = N NS 
The Po case has been studied in [32], and PI was presented in [61]. 
(3.3.11) 
(3.3.12) 
(3.3.13) 
To avoid the expected interblock interference (IBI) as a result of transmission over a 
time dispersive channel, a cyclic prefix (CP) is inserted per block transmission. Cyclic 
prefix is performed by placing a copy of the last entries of the vector s at its front to 
produce a longer vector of an (N + LxI) length as depictcd in Figure 3.3. 
The inserted cyclic prefix will be removed at the receiver side. The complete cycle 
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First time interval Second time interval 
Figure 3.3. The general layout of cyclic prefix-based Space-Time-Block coding system 
model. Cyclic prefix is performed by placing a copy of the last ent.ries of the transmitted 
vect.or at its front t.o produce a longer vector. The spat.ial dimension is represented 
vertically where the time dimension is represented horizont.ally. 
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of insertion and removal converts a linear convolution to a circular one [10]. Having in 
mind that the communication model in hand is a two transmit-one receive system, let 
the channel coellicicnt,s corresponding to the two transmit antennas be denoted as hk(l) 
't/ 1 € [0, ... , L] and k € [1, 2J. Let Hk denote the (N x N) circulant matrix channel 
representation drawn from hdl) as 
hdL) 
(3.3.14) 
hdL) 
o 
Then the received block at the first time interval rl and the received block at the 
second time interval r2 can be represented as 
(3.3.15) 
and 
(3.3.16) 
where VI and V2 are the additive noise blocks. 
By knowing that pre-multiplying and post-multiplying the circular matrix Hk by the 
permutation matrix P yields the following circular matrices properties [57]: 
(3.3.17) 
and 
(3.3.18) 
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thus, taking the conjugate of both sides of Equation 3.3.16 and rearranging as in 
(3.3.19) 
and by exploiting the property in Equation 3.3.18, and prc-multiplying both side of 
Equation 3.3.19 by P yields 
Pr' 2 
(3.3.20) 
Combining Equation 3.3.15 and Equation 3.3.20 in a vector-matrix form leads to 
(3.3.21) 
By further exploitation of circular matrices properties where circular matrices can be 
diagonalized by FFT operations as in 
(3.3.22) 
and 
(3.3.23) 
where Dk is the diagonal of the channel matrix H k , and employing these properties in 
Equations 3.3.22 and 3.3.23 in Equation 3.3.21 leads to 
[ rl] 1 [F~ 0] [DI D2] [FN 0] [81] [VI] Pr'; = v'2 0 F~ D; -m 0 FN 82 + Pv'; 
(3.3.24) 
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Equation 3.3.24 can be accomplished by two linear operations namely: permutation 
and conjugation. This result is feasible only because of the inserting the permutation 
matrix P in the transmit side at the first place [57]. 
3.4 Co-Channel Interference Suppression 
The performance of wireless communication systems is not only limited by multipath fad-
ing , but also affected by interference from other users. The previous section studied the 
application of TR-STBC on a single-user SC-FDE-MIMO system. However, this section 
will st.udy the effect of co-channel interference caused by having multiusers communicat-
ing with the same base station over the same frequency band and during the same time. 
Also, the study will include the employment of both spatial and temporal dimensions for 
interference suppression. 
To illustrate the concept of exploiting spatial and temporal dimensions for interference 
suppression, consider without loss of generality an uplink multiuser environment with 
K = 2 synchronous co-channel users where each user is equipped with M t = 2 transmit 
antennas and uses Alamouti version of space-time block code [13]. Note, the asynchronous 
case is straight forward extension. Therefore, a number of K x M t (4 in this case) signals 
will compete at the front cnd of each receive antenna. The base station which has Mr = 
2 receive antennas will employ a minimum mean-squared error (l\1l\1SE) interference 
suppression scheme discussed in this section. 
The input symbols to the space-time block encoder, for each user, are divided into 
groups of two symbols each according to Equation 3.2.6. The space-time coding can be 
represented as 
(3.4.1 ) 
where the superscript k £[l,2J is for the user. Each column of the coded matrix Sk 
is transmitted simultaneously from the two transmit antennas over two consecutive time 
54 
intervals. The narrow band channel is assumed to be fixed over these two time intervals 
and can be denoted as ht where i = [1, 2J is for the transmit antenna, j = [l,2J is for the 
receive antenna, and k = [1, 2J is for the user. 
Denoting the received signals from both users at the first ant.enna respectively for the 
first and the second time intervals as TU and T12, they can be represented as 
(3.4.2) 
and 
(3.4.3) 
The vector-matrix representation can be derived by first defining the following: rl = 
[TU Tr2JT as the received signal at the first receive antenna over the two consecutive time 
intervals, VI = [vu vr2JT is the additive noise modelled as a complex Gaussian random 
vector with zero mean and cov[ari:~e of (:~~2)' ]Sk = [s} s~JT is the transmitted signal 
for the k-th nser, and H~ = is the channel matrices between t.he 
(~I)* -NI)' 
k-th user and the first receive antenna. Thus, the vector-matrix representation of the 
received signal at the first receive antennas is 
(3.4.4) 
Similarly, the received signal at the second receive antennas over the two time intervals 
T21 and T22 can be found as 
(3.4.5) 
and 
(3.4.6) 
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Then, the vector-matrix representation of the received signal at the second receive an-
tennas is 
(3.4.7) 
Further concatcnation results in the overall expression as 
(3.4.8) 
Then 
r=Hs+v (3.4.9) 
I [ • , ]T [I I 2 2]T - [ , , ]T d w lere r = rl1 r 21 rl2 r 22 , s = SI S2 SI S2 , V - Vl1 V21 VI2 V22 , an 
hL h~1 hil ~I 
H= 
(~I)' -(hll )' (~I)* -(hil )' (3.4.10) 
h12 ~2 hi2 ~2 
(~2)' -(h12)' (~2)' -(hi2)' 
An MMSE interference canceller can be derived from Equation 3.4.9 where the mean 
square of the error caused by the co-channel interference and the noise is minimized [59]. 
The cost function to decode the signal transmitted by the first user can be defined as 
f(a, (3) = Ila'r - [3's l W (3.4.11) 
where a = [<XI <X2 <X3 <X4]' and [3 = [(31 (32]' are weights chosen to minimize the cost 
function. a and [3 are corresponding respectively to the received signal at two receive 
antennas of the base station over two consecutive time intervals r = [rl1 r51 rl2 r521T 
and the transmitted signal from the first user SI = [sl 5~]. 
By setting (31 = 1 and (32 = 0 [59], it can be shown that the optimum weight <Xl is 
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equal to 
(3.4.12) 
where M = HH' + s~RI4' and hI is the first column vector of t.he overall channel mat.rix 
H defined in Equation 3.4.10, and SNR is the signal-to-noise-ratio equals to Es/N o. The 
resulting l\IMSE interference canceller will minimize t.he mean squared error in si without 
any regard to s~. This MMSE interference suppression scheme decodes the signals from 
the first user and will consist of two different linear combiners or weights !Xl and !Xz 
corresponding to si and s~ respectively. 
Similarly, !xz can be found as 
(3.4.13) 
The same procedure can be performed to decode the signal from the second user where 
the weights are equal to 
(3.4.14) 
and 
(3.4.15) 
By using the scheme discussed in this section, it is possible to estimate the transmitted 
signal of both users with the knowledge of overall channel matrix H only and no explicit 
knowledge of the interfering users is required. 
3.5 Two-Step Interference Canceller for Multi-User Broadband MIMO-SC-FDE 
Communication System 
Section 3.3 presented the concept of applying TR-STI3C on a single-user MISO-SC-FDE 
communication system where in Section 3.4 an MMSE based co-channel interference can-
celler was discussed for a multiuser MISO-SC-FDE communication system. In the follow-
ing a combination of the two schemes will be extended for a multiuser MIMO-SC-FDE 
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Figure 3.4. The general layout of the multi user system, two terminals and a base station, 
each equipped with two antennas. 
communication system to propose a two-step interference canceller. Outer convolutional 
coding will also be employed for further extension. 
3.5.1 System Model 
The system depicted in Figure 3.4 consists of a 2-user space-time block coded SC-FDE 
wireless communication system, where each user terminal is equipped with M t = 2 
transmit antennas. These two users are assumed to communicate concurrently with a 
base station deployed with Mr = 2 receive antennas. This multi user communication is 
performed within a MIMO-SC-FDE context. 
The signal processing is depicted in Figure 3.5 which shows, in its upper part, the 
transmit side of one user and the receive side at the base station in the lower part. At the 
user terminal, first, the incoming data stream is encoded by a half rate and constraint 
length of three convolutional encoder [I}. A random bit interleaver is then applied to 
the convolutional encoder output which is mapped as BPSK (here, BPSK is used for 
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Figure 3.5. The proposed two-step interference canceller for a baseband multi-user 
uplink broadband MIMO-SC-FDE communication system model. The transmitter of one 
mobile station is shown at the upper part of the figure where as the base station receiver is 
depicted in the lower part. The novelty is in the application to SC transmission together 
with the two-step processing withen the receiver. 
illustration, extension to other constellations is straightforward). Then, space-time block 
encoding processing, discussed further below, is implemented [57]. The k-th user's input 
( k = 1,2 ) is assumed to be divided into consecutive length N blocks Xr2t) and X~t+l) 
where t = 0,1,2, .... Each such pair of blocks forms the input to the block TR-STBC 
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encoder whose output across the two antennas is given by 
-> time 
(3.5.1 ) 
L space 
where P performs the modulo N time reversal of a vector x, i.e. Px = [xo XN-! XN-2 
X2 xJl\ and the two rows correspond to the first and second antennas. Before 
transmission, length ep cyclic prefixes are added to each of the length N coded blocks 
on the LHS of Equation 3.5.1 to avoid inter-block interference (IBI). 
At the receiver, these cyclic prefixes are removed prior to calculating DFTs to perform 
frequency-domain equalization. It is assumed that the frequency-domain representations 
of the frequency selective channels between the two transmit antennas denoted, i, of the 
k-th user and the two antennas of the receiver, denoted j, are given by H ji ( wtl where 
i,j = 1,2 and Wt is'the discrete frequency index with l = 0,1,··· , N -1. These channels 
are assumed to be fixed for pairs of blocks 2t and 2t + 1. 
It is assumed that DFTs of the vector elements of Equation 3.5.1 are given by 
(3.5.2) 
where F denotes the N xN DFT matrix and s}t(l) is the frequency-domain representation 
vector for the signal sent through the first transmit antenna and can be defined as 
(3.5.3) 
similarly S~t (2) is sent through the second transmit antenna and defined as 
(3.5.4) 
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Due to the time-domain permutations and conjugate operations in the RHS of Equation 
3.5.1, s}t+l(l) = -(s},(2))* and s}t+l(2) = (s~,(l))*. Thus, a block Alamouti matrix is 
formed. 
Due to the orthogonality of the DFT [62] the received frequency-domain signals can be 
considered independently at each discrete frequency, so that for the first receive antenna 
at time block 2t the received complex scalar frequency-domain value is given as 
f2,(1, wtl = Hl1(WtlS~,(l, wtl + Hdwtls~,(2, wtl 
+ Gl1(wtls~,(I, wtl + Gdwtls~,(2, wtl 
+ v2,(1, wtl V Wt (3.5.5) 
where as Gl1 (wtl and G12 (Wtl are equivalent channel coefficients for the second user and 
V2' (Wt) is a complex noise term. Similarly, at time block 2t + 1 as 
f2'+1(1, wtl = -Hl1(Wtl(s~,(2,wtl)* 
+ Hd wtl (s~, (1, wtl)* 
- Gl1(wtl(s~,(2,wtl)* 
+ GI2(Wtl(s~,(1, wtll* 
+V2t+l(1,wtl V Wt (3.5.6) 
where s~, and s~, denote respectively the signal for user 1 and 2 during the first time 
interval. 
Equations 3.5.5 and 3.5.6 can be conveniently written in a matrix form as 
(3.5.7) 
where r(I, wtl = [rz,(I, wtl, f;t+l(l, wtllT, is the received signal at the first receive an-
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tenna for the particularfrequency, SI( wtl = [s~t(l, wtl, S~t (2, wtl]T, is the signalfrom the 
first user, S2(wtl = [s~t(1,wtl,S~t(2,wtl]T, is the signal from the second user, vdwtl = 
[ 
Hl1(Wtl Hdwtl 1 [v2,(1, wtl, V;t+l (1, WtJ]T, is the noise vector, Hd wtl =. . ' is the 
Hl2 (wtl -H l1 (wtl 
[ 
Gll(Wtl Gdwtl 1 first user channel and G 1 (wtl =. . is the second user channel. 
Gl2 (wtl -G l1 (wtl 
Similarly for the second receive antenna at the time blocks 2t and 2t + 1, a matrix 
equation becomes 
(3.5.8) 
Then the overall received frequency-domain signal r( wtl = [r(l, wtl T, r(2, wtlT]T can 
be obtained as 
,(rod ~ [:::::: ~::::: 1 [ :::::: 1 + [ :::::: 1 
= H( wtlS'( wtl + v( wtl 'if Wt (3.5.9) 
where the overall channel matrix of a (4 x 4) size H( wtl is represented as 
Hll (wtl Hdwtl Gll(wtl Gdwtl 
H(wtl = 
Hh(wtl -Hil(wtl Gi2( wtl -Gil(wtl (3.5.10) 
H21 (wtl H22 (Wtl G21 (Wtl Gdwtl 
H22 (wtl -H21 (wtl G22( wtl -G21 (wtl 
The columns of H( wt! will be used in the following and are denoted as Hc (wtl, 
c = 1,2,3,4. 
It is worth mentioning that in the context of an SC-FDE scheme the decoding of 
r( wtl in Equation 3.5.9 is performed on a frequency-by-frequency basis which will be 
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followed by an inverse DFT (ID FT) stage to return to the time-domain signal symbol. 
This is accounted for in the following subsection. 
3.5.2 Two Step Interference Cancellation 
The two-step generalized MMSE interference receiver in [59] is extended to the proposed 
two user TR-STBC-SC-FDE scheme. The receiver structure is illustrated in the lower 
part of Figure 3.5, where the DFT and IDFT operations are represented as Fast Fourier 
transforms (FFTs). 
In this receiver structure, the received signal will be passed through the following two 
stages of processing: 
1. Soft signal value estimation based on a combined MMSE and multi user detector 
followed by Viterbi decoder in the time-domain. 
2. Multiple-access interference cancellation and symbol rc-estimation using the modi-
fied interference-free received signal. 
The two stages are detailed in the following two subsections. 
3.5.3 Combined MMSE and Multiuser Detector 
Consider the kth user terminal, where k = 1,2, and define the following cost function 
to minimize the mean squared error caused by co-channel interference and noise in the 
symbol estimate §k( wtl, where §k( wtl = W( wtlr( wtl is the estimation of the frequency-
domain symbol Sk(wtl : J(W(wtl) = E{lI§k(wtl- W(wtlr(wtlIl2} V Wl. To minimize 
the mean squared error, the weight matrix W( Wl) of size 2 x 4 is chosen based on standard 
minimization: a~~~~~),,),) = o. 
From Equation 3.5.9 consider M(wtl = H(wtlHH(wtl+~hk where T = Es/No is the 
signal-to-noise-ratio at the particular frequency (Wl), and the structure of the TR-STBC 
implies the block-diagonal elements of H( Wl )HH (Wl) are diagonal, the block off-diagonal 
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elements could be approximated by zero values but complexity reduction is not the focus 
of this work, then the matrix W(wtl is decomposed as, W(wdT = [WI(Wtl w2(wtll so 
that for the first user 
(3.5.11) 
(3.5.12) 
and likewise for the second user 
(3.5.13) 
(3.5.14) 
These weight vectors are used to estimate sl(wd and S2(wtl 'if Wt, and t.hen an 10FT 
is applied to the entire block before advanced error correction with a de-interleaver and 
Viterbi decoder to yield the estimation of t.he kth user input. This concludes the first 
step. 
3.5.4 Co-Channel interference cancellation 
In the second step, the transmitted symbols are re-estimated based on a modified received 
signal obtained by cancelling the co-channel interferences. With the assumption that the 
signals from the first step have been decoded correctly, a perfect interference cancellation 
may be achieved by using the second step. In the case of two users, the estimated signals 
from the first step, for both users, are converted to the frequency-domain with OFTs and 
then Equations 3.5.7 and 3.5.8 are modified as 
1'(1, wtl = r(l, wtl- G I(wd§2(wtl 
"" Hlsl (wd + vd wd (3.5.15) 
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r(2,wtl = r(2,wtl-H2(WIW(Wtl 
"" G2S2(Wtl + V2(Wtl (3.5.16) 
The procedure described in the first step is then repeated to rc-estimate the transmitted 
symbols. 
Due to its high complexity for certain applications, the proposed scheme is limited in 
this work for two users. For example, remote units are supposed to be small lightweight 
and must remain relatively simple. However, base stations economy scale may allow for 
more complexity for the downlink. In fact, it appears that base station complexity is a 
plausible topic for achieving the requirements of next generation wireless systems. That is 
why the next two chapters will focus on the downlink for multi user communication system 
within the MIMO-SC-FDE environment. Also, extension to a larger number of users is 
necessary for practical applications. Other iterative techniques such as turbo decoding 
could also be applied. These improvements are possible subjects of future work, outside 
of the scope of this thesis. 
3.6 Simulation Results 
In order to illustrate the basic concept of the proposed two-step receiver structure, a 
MATLAB-based simulations for a two user space-time block coded 1\!II\IO-SC-FDE sys-
tem are presented. Each user terminal is equipped with two transmit antennas where 
as the base station is equipped with two receive antennas. Each block of the user data 
stream contains 64 I3PSK symbols. A real constellation is assumed for convenience but 
the method extends easily to complex constellations. TR-STI3C is applied on each of 
the two inputs after applying random bit interleaving then passing each one through a 
standard half rate and constraint of three convolutional encoder to correct the carrier in 
deep fades [1] and [63]. An additional length eight cyclic prefix symbol is used as a guard 
interval after each data block. The data transmission is implemented over two types of 
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channel namely: 
• 1\111\10 frequency selective channel with quasi-static two tap FIR filters. The coef-
ficients are chosen randomly from a normalized complex Gaussian distribution for 
each block. 
• MIMO frequency selective channels with time varying fading generated by the mod-
ified Jakes' fading channel model for a range of velocities [64] and [65]. 
At the receiving cnd the two-step receiver discussed earlier is employed for both mod-
elled channels where perfect channel knowledge at the receiver is assumed. 
3.6.1 MIMO frequency selective channel 
Figure 3.6 shows a comparison of system performance between foul' cases namely: 
• Basic SISO-SC. 
• Single user two transmit one receive lIfISO-STBC-SC. 
• The output of the first step of the proposed receiver as one-step (OS) multiuser 
single carrier frequency-domain equalization STBC (OS-1fU-SC-FDE-STBC) 
• The output of its second step as two-step (TS) multi user single carrier frequency-
domain equalization STBC (TS-1fU-SC-FDE-STBC). 
Figure 3.6 shows that the performances of the outputs of the first step and the second 
step of the proposed two-step multiuser interference cancellation scheme in general are 
better than the single-user two cases over the range of SNR in Figure 3.6. 1\1ore impor-
tantly the ISI and CCI have been cancelled effectively by the two-step processing and the 
second step provided a performance enhancement for all the SNR range. 
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Figure 3.6. Average symbol error rate simulation results for quasi-static fading channel. 
The figure shows acorn parison of system performance between four cases namely: basic 
SISO-SC, single-user two transmit one receive MISO-STBC-SC, the output of the first 
step of the proposed receiver as one-step multi user single carrier frequency-domain equal-
ization STBC (OS-MU-SC-FDE-STBC), and the output of its second step as two-step 
multiuser single carrier frequency-domain equalization STI3C (TS-MU-SC-FDE-STBC). 
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Figure 3.7. Average symbol error rate simulation results for Jakes' model fading chan-
nel with 10, 20, and 40 Km/h velocities. The figure shows a comparison of system 
performance between two cases for each velocity namely: the output of the first step of 
the proposed receiver as one-step multiuser single-carrier frequency-domain equalization 
STBC (OS-MU-SC-FDE-STBC), and the output of its second step as two-step multiuser 
single carrier frequency-domain equalization STBC (TS-MU-SC-FDE-STBC). Both re--
suIts are for a modified Jakes' fading channel model. These simulations are different from 
those presented in Figure 3.6 as the channel coefficients change throughout the blocks; 
otherwise the simulations are identical. 
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3.6.2 Modified Jakes' Fading Channel Model 
The previous assumption of having an uncorrelated channel model is a condition hard to 
be satisfied in practical wireless communication systems. In this subsection a modified 
Jakcs' fading chancel model for frequency selective fading processes in mobile systems is 
presented to allow for better modelling of a space-time Rayleigh fading multiple-input 
multiple-output (MIMO) channel [64]. 
The model consists of two co-located mobile station (MS) antennas equipped with two 
transmit antennas each M t = 2 and base station (BS) equipped with two receive antennas 
Mr = 2. A scatterer ring is placed around the MS to model the multi path reflectors. The 
scatterers are uniformly distributed on the ring, and each scatterer hag an independent, 
uniformly distributed initial phase over [-7t, 7t). The relative velocity between the MS 
and the BS is assumed to be fixed for three different simulations namely: 10, 20, and 40 
Km/h. Figure 3.7 shows that the performance degrades at higher SNR values comparing 
with the model presented earlier in Subsection 3.6.1 where a degradation of 2dI3 at a 
SER of 10-3 can be noticed at 10 Km/h velocity I. The degradation rate gets worse with 
increasing maximum Doppler frequency as a direct effect of increasing the velocity from 
10 to 20 and lastly to 40 Km/h. Recalling that the channel is assumed to be quasi-static 
over two consecutive time slots, this assumption is violated with the Jakes' model so 
the model fails to keep the necessary orthogonality between the antennas and the carrier 
which causes the error floor. However, ISI and CCI are still suppressc'<l effectively by the 
coded two step scheme. Importantly, the two step cancellation technique degradation is 
better than the one step technique. 
'The variability in the TS-SC-STllC simulation at velocity 10 Km/h is due to simulation length of 
10000 symbois. One extra simulation was performed at SNR=6dB with 1000000 symbols and shows a 
point coincident with the expected trend. If sufficient time and computational resources were available 
all of the points would have matched this trend. In the remainder of this thesis the 13ER/SER results 
were only run with the available resources so same fluctuations remain but the overall trends are correct. 
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3.7 Summary 
In this chapter, the design of a two-step interference cancellation transceiver to cancel 
co-channel interference (CCI) in a multiple-user MIMO broadband wireless communica-
tion system within a quasi-static channel environment was proposed. In this approach, 
the transmitter uses time-reversed-space-time block coding modulation, which exploits 
serial concatenation and single carrier transmission which crucially overcomes the PAPR 
problem in OFDM systems whilst retaining the advantage in terms of mitigating fre-
quency selective channels. The receiver is based on a two-step interference cancellation 
algorithm. The simulation results indicate that the proposed scheme could obtain per-
formance improvement in typical wireless communication environments with realizable 
computational complexity. 
By concatenating the transmitter with the half rate outer channel code, the proposed 
technique obtained significant performance gain over the normal technique. For example, 
as shown in Figure 3.7, at a velocity of 10 Km/h, and SNR=6dB, the SER improved 
from 3 X 10-4 to 1.8 x 10-4, i.c a more than 40% improvement. 
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Chapter 4 
MULTI-USER FREQUENCY DOMAIN 
ROBUST BEAMFORMER FOR MIMO 
SINGLE-CARRIER 
FREQUENCY-DOMAIN 
EQUALIZATION SYSTEM 
4.1 Introduction 
Wireless communication systems are required to support high-rate and high-quality data 
transmission. Single-carrier frequency-domain-cqualization (SC-FDE)-based multiplc-
input mult.iple-output (l\!IMO) systems are an attractive solution for broad band wireless 
communications in particular due to their ability to overcome the peak-to-average-power-
ratio (PAPR) limitation in OFDM-based multicarrier systems [19]. A fundamental chal-
lenge for high data-rate transmission is inter-symbol interference (ISI) due to multipath 
dispersion. MIMO-SC-FDE systems have been shown to be an effective solut.ion wit.h 
relatively low complexity in combating ISI whilst exploiting multi-antenna diversity gain. 
On the other hand, the SC-FDE-based space-time block coding (STBC) scheme [32] 
and [57] is a potent.ial candidat.e for use wit.hin broadband wireless access syst.ems, sllch 
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as IEEE 802.16. The advantage of using MIMO-SC-FDE for a single-user can also be 
extended to multiuser (MU) scenarios, where the sum capacity grows linearly with the 
minimum of K and M t ( K is the number of users communicating with a base station 
each using M t transmit antennas) [27] and [66]. 
Recently, in an attempt to keep the receiver complexity low, interest has been focused 
on optimizing the transmitter to mitigate impairments such as ISI and co-channel inter-
ference (CCI). This chapter will focus on a transmitter optimization technique based on 
spatial diversity in a downlink wireless communication system [9] and [10], where the base 
station (BS) could concurrently serve multiple mobile stations (MS) without compromis-
ing the available bandwidth where all users share the entire spectrum. This objective 
could be achieved by having the BS pre-compensate for the interference to allow users 
to receive maximum signal power whilst reducing interference. Also, the BS can perform 
beamforming (steering) to suppress CCI at each MS whilst maximizing overall system 
capacity. 
As the computational complexity of the MS must remain relatively low, there is a 
trend to keep the majority of the hardware complexity at the BS [13]. Transmit beam-
forming can be applied by optimally pre-weighting the transmitted vectors to minimize 
the mean-square error for each specific user. A transmit beamforming technique has 
been proposed in [58] which employs the maximal signal-to-leakage-ratio (SLR) [67] to 
suppress both ISI and CCI. However, it requires perfect knowledge of the channel at the 
transmitter. In practice, channel state information (CSI) will always be in error due to 
imperfections such as time variations of the channel, feedback delay, or quantization of 
the CSI. The contribution in this chapter is to present an approach which will tolerate 
such imperfections and still provide us with better performance. A solution for worst-case 
performance optimization for beamforming with general rank models was proposed in [68] 
where the received signal and noise plus interference covariance matrices are assumed to 
be in error. A robust transmit multi user beamformer using worst case performance opti-
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mization was proposed for OFDM systems [69] and [70]. Building on these works a design 
of a robust MU frequency-domain beamformer for MIMO-SC-FDE systems is presented 
in this chapter. This scheme is shown to be less sensitive to the practical CSI errors. 
An SLR-based optimization criterion is adopted to design this robust f\fU beamformer. 
This criterion is chosen because it keeps a balance between the suppression of ISI and 
CCl. In the SLR approach the transmit weight vector for the k-th user is optimized whilst 
minimizing the interference (leakage) caused to the other users. Then, the minimum mean 
square error (MMSE) criterion is employed for the receiver equalization and combining to 
suppress the ISI and the residual CCL Simulation results show that the proposed scheme 
can effectively provide better BER performance than the non-robust scheme proposed 
in [58,71]. 
This chapter is organized as follows. An introduction to beamforming and the need for 
the perfect channel state information knowledge is presented in Section 4.2. The system 
model is presented in Section 4.3 where the transmitter, channel model, and receiver are 
discussed. Also, the MU beamfonner and combining/equalization matrices are derived. 
The parameters of these matrices are presented in Section 4.4. The proposed robust MU 
FD beamformer is presented in Section 4.5 and the chapter is concluded by the simulation 
results and comparisons in Section 4.6. 
A note on notation which is included to ensure that the chapter is self-contained: Bold 
upper case X denotes a matrix and bold lowercase x denotes a vector. Index in X[n] is 
the discrete time-domain index with n = 0,1, ... , N -1 while (Ut in X( (Ut) is the discrete 
frequency index with 1 = 0, 1, ... , N -1 where N is the block length and the index in X( t) 
is for continuous time. Xk and Xk denote the signal matrix and vector corresponding to 
the k-th user where k € [1,2, ... ,K] and K is the total number of users. The matrix 
element indexed by q and T is denoted by X qr . x = vec(X) is the.vector obtained by 
stacking the columns of X. IN is an identity matrix of size N. Complex conjugation, 
transposition and conjugate transposition of a matrix are respectively denoted by (.)', 
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Figure 4.1. Simple block diagram showing how channel state information (CSI) is ob-
tained from the receive signal. CSI can be exploited in both the receiver and transmitter. 
(.jT and (.)H. E{.} and II.II~ denote respectively the statistical expectation operator and 
squared Frobenins norm operator which is given as IIXII~ = tr{XXH ). FN denotes an 
N x N discrete time Fourier transform matrix for which the (q + 1, r + 1 )-th entry is 
vkexp(-j2nqrjN) 'if q,r € [0, N -1]. A diagonal matrix with the elements of 
x on its diagonal is denoted as diag(x). The element-by-element product operator is 
represented as 0. 
4.2 Beamforming and the Need for CSI 
The promising resnlts of Telatar [27] and Foschini [26] which showed a tremendous po-
tential gain in the channel capacity by using multiple antennas has fuelled the work of 
many researchers. In multi-antenna systems diversity can be achievable either by apply-
ing space-time coding or by intelligently employing the channel state information (CSI) 
at the transmitter to perform low complexity transmit beamforming techniqnes. A com-
bination of both schemes had been proved to provide a snbstantial improvement in the 
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system performance [72,73]. Transmit beamforming and receive combining techniques 
can achieve the full diversity afforded by the multi antenna channel. If CSI is available 
both at the transmitter and the receiver, MIl'vIO systems can benefit from significant 
diversity and coding gains by using beamforming [74]. I3eamforming is a strategy where 
both the transmitted signal amplitude and phase could be scaled based on the princi-
pal eigenmode of the channel. However, instead of using both the amplitude and phase 
information of the principal eigenmode, only the phase information is used. The ampli-
tude information is usually discarded by normalizing the principal eigenvector such that 
all coefficients of the vector have unity amplitude. I3eamforming (steering) approaches 
better use the total available power by increasing the transmitted power in the direction 
of the desired user resulting in a higher overall transmit power and a higher effective 
signal-to-interference-and-noise-ratio (SINR). I3eamforming can be employed on the up-
link or the downlink. Due to the radio channel reciprocity (in TDD systems where the 
uplink and the downlink use the same frequency band), downlink and uplink beamformers 
might appear to be equivalent, however, downlink (transmit) beamforming for multiuser 
systems is more complicated. While beamformer at the receiver side (uplink) only af-
fects the signal quality for one specific user, transmit beamformer not only affccts the 
desired user but also all other users [75]. Another fundamental difference is acquiring 
the channel state knowledge which is essential for beamforming. Receive beamformers 
acquire CSI by exploiting training signals whereas transmit beamformers employ feed-
back techniques as shown in Figure 4.1 where CSI is estimated at the receiving end and 
sent through feedback to the transmitter. For multiuser MIMO there are two basic chan-
nel models: multiple-input multiple-output multiple access channel (MIl'vIO MAC) and 
multiple-input multiple-output broadcast channel (MIMO BC) [66]' the first represents 
the uplink where as the latter represents the downlink. A simple scenario of a l'vIlMO 
transmit beamformer is shown in Figure 4.2 where the transmitter is equipped with mul-
tiple antennas [1,2, ... , M t ] which communicates with K mobile users, which generally 
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Figure 4.2. Block diagram representation of downlink beamforming patterns in a com-
munication system with one transmitter and K spatially separated users. The transmitter 
employs M t transmit antennas while each user Mr receive antennas. 
have different number of receive antennas but this thesis is restricted to the case that 
each MS has the same number of receive antennas Mr. The transmitter sends a different 
signal vector sk[nl = [sk[Ol sk[11 ... sk[N -1JJT to each user k where N is the vector 
length. The overall transmitted signal can be represented as 
K 
s[nl = L sk[nl 
k~l 
(4.2.1) 
Co-channel interference (CCI) is the main difference between multiuser and single-user 
systems. This interference is caused to the user by receiving signals intended for other 
users as if they are its own signals so that for the user k it not only receives the signal sk[nl 
but also receives components all other interfering signals such as {sl[n], s2[n], ... , Sk-l [n], 
sk+l[n], ... ,sK[n]}. Now the received vector rk of user k is given as (the index [nl is 
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dropped for convenience) 
K 
rk = LHksk+vk 
k~l 
desired signal u=l,u#k 
''----..:~y.----­
CCI+noise 
(4.2.2) 
In Equation 4.2.2, it is desirable to maximize the power of the desired signal term 
while keeping the CCI low. This could be achieved by employing a linear precoding at 
the transmitter. By clement-wise multiplying the intended signal for user k by the vector 
b k of size N x 1 to manipulate its magnitude and/ or phase, the transmitted signal is 
collectively given as 
(4.2.3) 
At the receiver of user k, linear decoding could be performed by multiplying the 
received signal by the vector (bk ) H. The estimated signal Sk is given as 
(4.2.4) 
from Equations 4.2.2 and 4.2.3 into 4.2.4 
(4.2.5) 
white zero mean circularly symmetric complex Gaussian noise vector. Finding values 
of the precoding vectors and the decoding vector needs the knowledge of the channel 
state information at the transmitter (CSIT). Although perfect channel knowledge at the 
receiver may appear as a realistic assumption, the case is not the same for the transmit 
side of the system. The possibility of having a low rate feedback or a partial CSI are 
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included in deployed 3G wireless systems and in on-going standardization efforts for 4G 
systems [761. Thus, frequency-domain beamforming under the assumption of channel 
uncertainty will be the focus of this chapter. 
4.3 System Model 
4.3.1 Transmitter 
A complex base band discrete model is assumed throughout this chapter. Consider the 
K-user MIMO-SC-FDE baseband wireless communication system [711 shown in Figures 
4.3 and 4.4, where the first figure shows that the base station (BS) equipped with M t an-
tennas transmits single carrier block-wise signals to K mobile stations (MS) concurrently. 
Each MS, shown in Figure 4.4, in its turn is equipped with Mr receive antennas. 
At the BS, dk[nJ = [dk[OJ d k[lJ dk[N - IJJT is the data block intended for 
transmission to the k-th user (k = [1,2, ... , KJ) where N is the block length. The elements 
of dk[nJ are assumed to be independent and identically distributed (LLd) generated from 
a finite level constellat.ion wit.h unity variance, Le. E{d[nJ dH[n]} = I. 
Firstly, the data block dk[nJ is converted from serial-to-paraUel (SIP) and passed 
through an N-point FFT unit (FN) to produce the frequency-domain version of the 
signal dk(wtl = FNdk[nJ. 
Secondly, the resulting frequency-domain blocks d k( w) are multiplied by an N M t x N 
beamforming matrix 
(4.3.1) 
where B~( w)(i = 1,2, ... , Md is a diagonal matrix of size N x N as 
(4.3.2) 
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Figure 4.3. Transmit side model of the baseband processing for the K users. The 
frequency-domain beamforming operations are shown together with the M t transmit an-
tennas. The novelty in this work is the addition of robustness to channel state information 
errors within the beamformers. 
Thirdly, at each transmit branch, the signals are summed and passed through an N-point 
IFFT unit to be transferred back to the time-domain ready for transmission after they 
are padded by a cyclic prefix. At the receiver, cyclic prefix is removed first. Hence, the 
transmitted signal vector from the i-th transmit antenna is given by 
K 
x~[n] = F~B~(wtlFNdk[n] + F~ L B:'(wtlFNdU[n] (4.3.3) 
u~l,"k 
4.3.2 Channel Model 
It is assnmed that the frequency-selective channel information Hk (If k £[1,2, . : . , Kl) is 
perfectly available at the BS, either through reverse channel estimation in time division-
duplex (TDD) operation or feedback in frequency-division duplex (FDD). Later this 
assumption will be alleviated and the impact of channel feedback error is analyzcd to 
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propose the robust frequency-domain (FD) beamformer which will show improvement 
in the system performance. While channel estimation techniques are not considered 
in this thesis, it is assumed that Hk associated with the k-th user is perfectly known 
at the corresponding MS receiver. The channel coefficients are modelled as complex 
Gaussian random variables with zero-mean and variance uiI = 1 where the discrete 
impulse response of the k-th user's channel between the i-th transmit antenna and the 
j-th receive antenna which includes the pulse shaping function at the transmitter, the 
wireless propagation channel, and the matched filter at the receiver can be given as 
L 
Ht;[nl = L Ht;,l[nlb[n -11 (4.3.4) 
I~O 
where 1 d1, 2, ... , Ll and L is the channel order. The channel is assumed to be uncorre-
lated for all k, 1, i, and j. 
4.3.3 Receiver 
At each MS, in terms of baseband processing the cyclic prefix is removed to yield the 
time-domain received blocks yf[nl = [ynO], Yf[l], ... , ynN - 1W , (j = 1,2, ... , Mr) 
which by referring to Equation 4.3.3 can represented as 
M, 
y~[nl = L et;[nlF~B~(w)FNdk[nl 
i=l 
M, K 
+ L e~,;[nlF~ L Bi(w)FNdU[nl +v;[nl ( 4.3.5) 
i=l 
where v; [nl = [v; [0], v; [1], ... , v; [N - 1W is an N x 1 complex vector of spatially un-
correlated AWGN noise with zero mean and variance u~. The appending of the cyclic 
prefix changes the channel transfer matrix to an N x N circulant matrix et; [nl which 
is constructed by appending N - L zeros to Ht; [nl = [Ht; [0], Ht; [1], ... , Ht; [LW as the 
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Figure 4.4. Receiver side of the base band processing for the first user amongst K users. 
The combining of the Mr receve antennas together with the equalization with matrix W 
is shown. 
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first column. This can be represented as 
Hk.[O] 
t,) 0 0 Hk.[l] l,J 
Hk.[l] 
t,) Hk.[O] t,) 0 
Hk.[l] Hk.[l] 
Ck.[n]= t,} t,) ( 4.3.6) 1.,} 
Hk.[l] 
t,) Hk. [1] ',) H~.[O] t,) 0 
0 
0 Hk.[l] t,) Hk. [1] t,) Hk.[O] \,J 
The received signal in Equation 4.3.5 must then be transferred to the frcquency-
domain through an FFT unit as 
M, 
y~(w) = L H~,j(w)B~(w)dk(W) 
1=1 
M, K 
+ L H~j(W) L Bi(w)dU(w) +v~(uJ) ( 4.3.7) 
1=1 u=l,~k 
where 
and 
and 
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• 
are the complex frequency-domain versions of yfrn], d~[n], and v nnJ respectively. 
Equation 4.3.7 consists of three terms: the first term is the desired (useful) part of 
the signal which contains the information intended for user k. The second term is the 
result of all other users (u =J k) which is the so called CCl which would impair the signal 
detection accuracy. The third term is the white noise at the receiver. 
A frequency-domain combining/equalization (FDE) operation will be performed on 
Equation 4.3.7. FDE is performed by multiplying yr(w) by the N x NMr size combin-
ing matrix Wk(W) = [W~(w), W;(w), ... , W~,(w)J where W~(w) is an N x N sIze 
diagonal matrix and can be given as 
o o 
o o 
W~(w) = (4.3.8) 
o o 
The combination and equalization is performed on each frequency bin where all the signals 
at the same frequency bin from different receive antennas are combined and equalized at 
once. The combination and equalization can be represented as 
M, 
yk(W) = L(W~(W))Hy~(W) (4.3.9) 
;=1 
where yk(W) = ry~(w),y~(w), ... ,y~ (wW is the estimated signal and can be repre-, 
sented in a matrix form as 
(4.3.10) 
where Wk(W) = [W~(w), W;(w), ... , W~,(wW. 
The combined frequency-domain input-output for the k-th user is passed through an 
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IFFT for detection to follow. This combination can be expressed from Equations 4.3.7 
and 4.3.10 as 
Mr Ml 
yk(W) = L.(W~(W))H L. Htj(w)B~(w)dk(w) 
j=l i=l 
Mr Ml K 
+ L.(W~(W))H L. Htj(w) L. B:'(w)dll(w) 
j=l i=l 
M, 
+ L. (W~( w)) Hv~( w) (4.3.11) 
j=l 
It is clear from Equation 4.3.11 that a better performance could be obtained by de-
signing the multi-user beam forming matrix B and choosing the appropriate combin-
ing/ equalization scheme. 
4.4 Parameters of the MU Beamforming and Combining/ Equalization Matrices 
The ultimate goal of the system in hand is to mitigate the effect of both CCI and IS!. This 
can be accomplished by finding the values of the beam forming matrix elements B k( w) and 
the combination/equalization matrix Wk(w). To suppress CCI, the maximal signal-to-
leakage ratio (SLIt) criterion presented in [67] is applied to find the beamforming matrix 
B K (w). SLIt is a criterion to maximize the ratio between the power of a desired sigl1a.1 
of a specific user and that of the so called leakage signal from the user to all other users 
in the communication system. Given a fixed power for each user, the weight 'matrices 
B\(w) (i € [1,2, ... , Mtl where M t is the number of transmit antennas at the base 
station) shown in Figure 4.3 are designed such that the SLIt is maximized for every user. 
On the other hand, the combination/equalization matrix Wk( w) is utilized to suppress 
the CCI and ISI residuals using the minimum-square error criterion (MMSE) between 
the output and the desired signal. 
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4.4.1 Maximal Signal-to-Leakage-Ratio (SLR) Criterion 
By looking back at Equation 4.3.7, the first two terms can be defined as 
M, 
DS~= L.H~j(w)B~(w)dk(W) (4.4.1) 
i=l 
and 
M, K 
CCIf = L. L. H~j(w)Br(w)dU(w) (4.4.2) 
v 
from all other IlS(!fS to user k 
where DSr is the desired signal intended for user k at the receive antenna j and CCIf is 
the interference from all other users. The terms in Equation 4.4.2 can be reviewed from a 
different prospective where t.he leakage can be defined as all the CCI caused by the user 
k to all the others users, i.e., 
K Ml Mr . K 
lK = L. CCI = L.L. L. Hr.j(w)B~(w)dk(W) ( 4.4.3) 
u=l,:l-k i=l j=1 u=l,:;lk 
·~----------~v~----------~ 
from user k to all other users 
The maximal SLR criterion is to find the values of the beamformer matrix by maximizing 
the ratio between the power of the desired signal in Equation 4.4.1 and the power of the 
leakage mentioned in Equation 4.4.2. The power of the desired signal is given as 
N-1 Mr 
PDS L. L. E{IDSm 
1=1 j=1 
N-l Mr M t 
- L. L. E{II L. Htj(w)B~(w)dk(w)112} ( 4.4.4) 
l=l j=1 i=l 
Assuming the symbols of dk[nl are independent identically distributed (i.i.d.) with zero 
mean and unity variance after normalization, then E{dk[n](dk[n])H} = IN. Equation 
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4.4.4 can be conveniently written in a matrix form as 
N-l 
PDS L.IIHk(w)Bk(w)1I2 (4.4.5) 
t~l 
while B k( w) i~ given by Equation 4.3.1, Hk( w) i~ the frequency channel response at the 
Wt-th frequency bin. This complex valued matrix i~ given by 
H~.I(W) 
H~.I·(W) 
H~,2(W) 
H~,2(W) H~,M,(W) 
Similarly, the power of the leakage in Equation 4.4.3 can be given as 
M t Mr K 
= L.L. L. E{IIHtj(w)B~(w)dk(w)112} 
i=l j=l u=l,¥-k 
K 
L. IIW(w)Bk(w)112 
u=l,¥-k 
(4.4.6) 
(4.4.7) 
~ince the maximal SLR criterion i~ to maximize the signal power to leakage power ratio 
PDS/PLK for each individual frequency bin, the optimal values of the FD beamforming 
matrix (Bk(wlloPt can be presented as 
(4.4.8) 
Maximizing this quantity for all users simultaneously improves the signal-to-interference-
ratio (SIR) for every user. Although this criterion is not optimal [67], it has the advantage 
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of being easily solvable analytically. The solution for Equation 4.4.8 is given by the 
Rayleigh-Ritz result [77] 
(4.4.!)) 
where :P{.} is the unity generalized eigenveetor which corresponds to the largest generalized 
k k -k -k -k 
eigenvector of the matrix pair ((H (W))H H (w)) and ((H (W))H H (w)), where H (w) 
is the extended channel matrix that excludes Hk( w) only and is presented in Equation 
4.4.10. This operation is performed for each frequency bin. 
-k 
H (w) = (4.4.10) 
As a result the SLR can be written as 
. IIHk (w)B k (w)1I2 
SL R = "--"k '---''---'--'-''-
IIH (w)Bk(w)112 
(Hk( w )Bk( W))H (Hk( W )Bk( w)) 
-k -k (H (W)Bk(W))H(H (w)Bk(w)) 
(Bk( W))H (Hk( w) )H(Hk( W )Bk( w)) 
(Bk( W))H CiIk( w) )H(ft( W )Bk( w)) 
= (4.4.11) 
Keeping in mind that this operation is performed for each frequency bin, for convenience 
the index (w) will be dropped and by introducing:J{ = (H)HH and j{ = (H)HH , the 
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SLR is represented as 
(4.4.12) 
This equation will be used later in the chapter for the derivation of the proposed FD 
robust beamformer. 
4.4.2 Solution for Combining / Equalization Parameters 
After finding the parameters of the FD beamformer matrix in the previous section, the 
parameters of combining I equalization matrix will be studied in this section. Rewriting 
Equation 4.3.11 in a matrix form as 
yk(W) = (Wk(w))HHk(wlBk(wldk(wl 
K 
+ L (Wk(w))HHk(w)BU(w)dU(wl + (Wk(wllHvk(wl (4.4.13) 
u=l,~k 
The MSE of the output for each frequency bin can be given as 
MSE = E{lldk[nj - yk[n)112}/N 
N-l 
= L E{ldk(w) _yk(w)12}/N 2 (4.4.14) 
l~O 
where [71] 
E{ldk(w) _yk(wlI2} = 11- (Wk(wl)HHk(w)Bk(wlI2N~ 
K 
+ L I(Wk(wllHHk(W)BU(w)12N~ 
u~l"'k 
+ IIWk(wllI2N~ (4.4.15) 
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Figure 4.5. Average BER performance shows the importance of perfect channel knowl-
edge for the non-robust beamforming scheme. The non-robust scheme is impaired by 
imperfect CS!. The performance deteriorates as the channel perturbation increases from 
0.001 to 0.009. The fluctuations in some curves are due to simulation length. 
By equating the derivative of Equation 4.4.15 with respect to W to zero and solving for 
wovt, the optimum values for each frequency bin as 
This transmit beamforming technique employs the maximal signal-to-leakage-ratio 
(SLR) to suppress both ISI and CCl. However, it requires perfect channel knowledge at 
the transmitter. In practice channel state information (CSI) will be always in error due to 
imperfections such as time variations of the channel, feedback delay, or quantization of the 
CS!. Figure 4.5 shows the performance of a three-user MIMO-SC-FDE bascband system 
applying quadrature phase shift keying (QPSK), 64-point FFT/IFFTs are used at both 
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BS and MS, and the number of antennas is three at both ends. Figure 4.5 shows clearly 
how important perfect channel knowledge is for the non-robust beamforming scheme 
even for a small perturbation factor such as 0.001. Performance degradation is examined 
on the mentioned system with three different perturbation factors namely: 0.001,0.005, 
and 0.009. The non-robust scheme is impaired by the imperfect CS!. The performance 
deteriorates as the channel perturbation increa.,es especially with higher SNll.. With 0.009 
perturbation, Figure 4.5 shows a 2.5dB performance degradation at 10-2 average BEll.. 
4.5 Robust Beamforming 
Problem Statement: The problem of downlink frequency-domain beamforming under 
channel uncertainties for a multiple-user MltlIO-SC-FDE system is addressed here. Both 
the transmitter and the receiver, in this system which employs single carrier-frequency-
domain equalization technique, are equipped with multiple antennas. Given fixed trans-
mit power for each user, the objective is to design a robust frequency-domain beamformer 
so that CCI is completely precancelled at the transmitter, meanwhile ensuring maximum 
post-processing SNR gain under the uncertain channel state information. 
To introduce robustness to the FD beamformer scheme despite the imperfection in 
the CSI and still ensure improved performance for each user k, represent the CSI imper-
fection by the perturbations matrix pK. These perturbation mainly arise due to feedback 
delay, quantization of CSI, or time variations of the channels [69J and [70J. When the per-
turbation matrix is added to the actual channel matrix H~, then the perturbed channel 
matrix H~ can be represented as 
H~(w) = H~(w) + pK(W), V 1 € [0,1, ... , N -lJ (4.5.1) 
Equation 4.4.12 introduced J{ = (H)HH and 5{ = CH)HH, so that Equation 4.5.1 
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can be applied as [68] 
(4.5.2) 
(4.5.3) 
The unknown Hermitian mismatch matrices P and P represent the imperfection in the 
channel state information. The SLR in Equation 4.4.12, after dropping t.he frequency-
domain index (w) for convenience, can be written as 
(4.5.4) 
4.5.1 Diagonal Loading 
One of the most popular approaches to add robustness to adaptive beamforming is the 
diagonal loading technique where some quadratic penalty term is added to an optimiza-
tion problem. Worst-case performance optimizat.ion usually models the parameters to be 
in an uncertainty region, a sphere in this case, where the perturbation matrices P and P 
are bounded in their norm by constants such as 
( 4.5.5) 
and 
(4.5.6) 
where em (m = 1 or 2) is the radius of the uncertainty sphere. The FD beam former 
weight vector is obtained in this norm-bounded uncertainty problem by maximizing the 
worst-case output of the SLR [68]. This optimization problem can be defined as 
arg max 
B 
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(4.5.7) 
then 
note that by using Equations 4.5.5 and 4.5.6 
and 
arg min BH(~a + P)B = BH(~a - €II)B 
IIPII1«1 
arg max BH(j{a + P)B = BH(j{a + €zl)B 
IIPII1«2 
Having tht; worst-case of the perturbation matrices P and P defined as 
and 
Therefore, the optimization problem is reduced to 
(4.5.8) 
( 4.5.9) 
( 4.5.10) 
(4.5.11) 
( 4.5.12) 
( 4.5.13) 
This method combines two different types of diagonal loading: positive diagonal loading is 
applied to the extended channel matrix (Equation 4.5.10), whereas the negative loading 
is applied to the user's channel matrix (Equation 4.5.9). Comparing this result with 
Eqnation 4.4.9 leads to a similar solution which is the unity generalized eigenvector which 
corresponds to the largest generalized eigenvector of the matrix pair {(~a - clJ)f'(~a­
clI)} and {(j{a + C21)H(j{a + €21)} as 
(4.5.14) 
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4.5.2 Values of £1 and £2 
In order to solve the above mentioned optimization problem and choose the appropriate 
values of El and £2 [69], the elements of the perturbation matrices P and P are assumed 
to have a circularly symmetric white Gaussian zero mean distribution where 
(4.5.15) 
and 
- -H-IJPII~ = tTace{P P} ( 4.5.16) 
To find the values of €; as a function of: the number of transmit antennas at the 
BS, M t , number of receive antennas at the MS, MTo number of users, K, the variance of 
the perturbation matrix (perturbation factor) cr~, the variance of the channel matrix cr~i 
which is unity in this case, and M = Mr(K - 1) as follows 
and 
E{lIPIID = Mt{2Mr~cr~ + 2Mrcr~ + cr~(M~ - Mr)} 
+ (Mi - Mtl(2Mr~i~ + Mrcr~) (4.5.17) 
(4.5.18) 
The full derivations of Equations 4.5.17 and 4.5.18 are given in [78]. In the work of 
this thesis chapter, quantities are used without derivation. 
93 
4.6 Simulation Results and Comparisons 
In order to illustrate the concept of the proposed frequency-domain robust transmit 
beamformer struct\ll'e, MATLAB-bascd simulations were ran for a three user uncoded 
baseband MIMO-SC-FDE system. The BS is equipped with three transmit antennas and 
each MS is equipped with three (two, fo\ll', or five) antennas. Each block of the data 
stream contains 54 QPSK symbols. Corresponding 54-point FFT /IFFTs were used at 
both ends. An additional length eight cyclic prefix symbol is used as a guard interval 
after each data block. Channel length (L) was three i.e. hh = [1"4,i.O, hi,i,l, h i ,i.2]' The 
frequency-domain representation for this Rayleigh fading channel was obtained by ap-
pending N - L zeros to yield Hk The total transmit power per symbol period across all 
transmit antennas is normalized to unity. The average BER over all channel realizations 
was used as a performance measure. 
The entries of channel matrix H[n] and the perturbation matrix P were zero mean 
complex circular Gaussian random variables with variance dfi = 1 and (J~ = 0.005 
respectively. The noise is zero mean and spatially and temporally uncorrelated. 
4.6.1 The Proposed Robust FD Beamformer 
It can be observed from Figure 4.5 that lower BER can be achieved as the number of 
antennas per MS increases, e.g. at 10-3 average BER, five antennas at the MS give 
performance improvement of 6dB over the case of three receive antennas. The BER of 
the lower number of receive antennas systems has an error floor due to the CCI residual 
as in the case of two receive antennas. However, this effect is mitigated by increasing the 
number of receive antennas to remove these CCI residuals. In general when the number 
of receive antennas at the MS is equal or more that the transmit antennas at the base 
station, the BER error floor can be removed. 
As a measure of the capacity in MIMO systems [79], the product of SINR for the 
proposed robust frequency-domain beamformer is presented in Figure 4.7. It can be 
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Figure 4.6. Average I3ER performance of the proposed uncoded FD robust beamformer. 
Number of users in the MIMO-SC-FDE system is three. Number of I3S transmit antennas 
is three whilst the MSs employ the same number of receive antennas in four different 
situations namely: M t = 3, Mr = 2,3,4, or 5. \Vhile the scheme does not perform well 
when the number of receive antennas is less than the number of transmit antennas, the 
I3ER performance improves with increasing number of receive antennas. 
95 
70.------,------,------,------,-------,------, 
iD 
:3-
60 .. 
50 
__ Mt=3,M'=2 
-B-- Mt=3,M,=3 
-e- Mt=3,M'=4 
-A---- Mt=3,M'=5 
~ 40 ......... . 
Ui 
'0 
U 3 ~ 
"-
oL-____ L-____ L-____ i-____ ~ ____ -L ____ _" 
o 2 4 6 8 10 12 
Av. SNR 
Figure 4.7. Product of SINR performance for three user uncoded l\IJl\IO-SC-FDE sys-
tem employing FD robust beamformer. Number of BS transmit antennas is three whilst 
the MSs employ the same number of receive antennas in four different situations namely: 
M t = 3, Mr = 2,3,4, or 5. The product of SINR performance improves with increasing 
number of receive antennas. 
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ob~erved from Figures 4.6 and 4.7 that as the number of receive antennas increa~es the 
performance improves accordingly. 
4.6.2 Comparison of the Proposed Robust Beamformer with Non-Robust Beam-
former and OFDM 
To show the superiority of the propo~ed ~olution two ~y~tem setups are u~ed to compare 
the FD robust beamformer system with the system proposed in [58] as a non-robust 
beamformer. Also the proposed scheme is compared with an OFDM-based multi carrier 
system. The comparison is based on the average BER performance of all users u~ing the 
robust, or the non-robust beamformer, or OFDM schemcs. The two comparison system~ 
~etups are ~ummarized in Table 4.1 namely: (M t = 3, Mr = 3) and (Mt = 3, Mr = 4). 
The values of €1 = 0.2716(0.3621) and €2 = 1.2658(1.6890) were chosen according to 
Equations 4.5.17 and 4.5.18. 
It can be observed from Figure 4.8 that the robust approach provides a gain of 3.5dB 
(2.5dB) over the non-robust one at a BER of lO-3. Figure 4.9 shows a comparison of 
three schemes namely: an OFDM multicarrier scheme, non-robust beamformer scheme, 
and the proposed robust FD beamformer applied on the system (A) shown in Table 4.1. 
It can be observed that the proposed scheme outperforms the other two scheme based on 
the average BER performance, i.e. at 10-2 average BER the robust scheme provides a 
gain of 5dB over the non-robust OFDM scheme. Figure 4.lO shows a comparison of the 
same three schemes applied on the system (B) shown in Table 4.1. It can be observed 
that the proposed scheme outperforms the other two scheme based on the average BER 
performance, i.e. at lO-3 average BER the robust scheme provides a gain of 7dB over 
the non-robust OFDM scheme. 
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Transmission scheme MlMO-SC-FDE 
Modulation QPSK 
Data stream length 64 
FFT jlFFT number of points 64 
Channel length 3 
Perturbation matrix variance 01> 0.005 
N umber of users 3 
Numbers of transmit antennas at 13S 3 
Numbers of receive antennas for each 3 
user of system A 
Numbers of receive antennas for each 4 
user of system 13 
£ 1 for system A 0.2716 
£ 1 for system 13 0.3621 
£2 for system A 1.2658 
£2 for system 13 1.6890 
Table 4.1. Summary of the two simulation systems used for comparing the performance 
of the proposed robust beamformer against the non-robust beamformer and the OFDM-
based multi-carrier systems. 
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Figure 4.8. Average BER performance for three user l\IIMO-SC-FDE system with non-
robust and robust beamformers in two cases M, = 3, Mr = 3 and M, = 3, Mr = 4. The 
proposed robust beamformer outperforms the non-robust scheme for both examples. 
4.6.3 Comparison with Robust OFDM 
Figures 4.11 and 4.12 show that employing the proposed scheme on systems A and B gives 
better result than the robust OFDlv! scheme. Applying the robustness scheme provided a 
better performance for the OFDM system, moreover, the SC-FDE system outperformed 
the robust OFDM system for both comparison systems (A and B). For system (A), at 
10-2 the average BER of the robust scheme provides a gain of 1.5dB over the robust 
OFDM scheme where it provides a gain of 6dB at 10-3 average BER for system (B). 
4.7 Summary 
Wireless communication systems are required to support high-rate and high-quality data 
transmission. Single-carrier frequency-domain-equalization (SC-FDE)-based multiple-
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Figure 4.9. A comparison of the average I3ER performance for three user uncoded 
MIMO-SC-FDE system with OFDM, non-robust and robust beamformers. Number of 
transmit antennas and number of receive antennas is three for all compared systems 
(system A). The proposed robust beamformer outperforms the other two schemes. 
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Figure 4.10. A comparison of the average BER performance for three user uncoded 
l\fIMO-SC-FDE system with OFDM, non-robust and robust beamformers. Number of 
transmit antennas at the BS is three whilst number of receive antennas is four for all 
compared systems (system B). The proposed robust beamformer outperforms the other 
two schemes. 
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Figure 4.11. A comparison of the average BER performance for three user MIMO-
SC-FDE system with robust OFDM and the proposed robust beamformers. Number 
of transmit antennas and number of receive antenna~ is three for all compared systems 
(system A). 
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Figure 4.12. A comparison of the average BER performance for three user MIMO-
SC-FDE system with robust OFDM and the proposed robust beamformers. Number 
of tral).smit antennas and number of receive antennas is four for all compared systems 
(system B). 
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input multiple-output (MIMO) systems are an attractive solution for broadband wireless 
communications in particular due to their ability to overcome the peak-to-average-power-
ratio (PAPR) limitation in OFDM-based multicarrier systems. A fundamental challenge 
for high data-rate transmission is inter-symbol interference (ISI) due to multi path dis-
persion. MIMO-SC-FDE systems have been shown to be an efTective solution with rel-
atively low complexity in combating ISI whilst exploiting multi-antenna diversity gain. 
Recently, in an attempt to keep the receiver complexity low, interest has been focused 
on optimizing the transmitter to mitigate impairments such as ISI and co-channel in-
terference (CCI). This chapter focused on a transmitter optimization technique based 
on spatial diversity in a downlink wireless communication system where the base sta-
tion (BS) concurrently serves multiple mobile stations (MS) without compromising the 
available bandwidth where all users share the entire spectrum. This objective has been 
achieved by having the BS to pre-compensate for the interference to allow users to receive 
maximum signal power whilst reducing interference. Also, the 13S can performed robust 
frequency-domain beamforming to suppress CCI at each MS whilst maximizing overall 
system capacity. 
The proposed robust frequency-domain transmit bea.mforming scheme tolerates the 
error in the CSI knowledge at the transmitter. Imperfections were modelled by complex 
circular Gaussian noise component and the Frobenius norm of the error matrix has been 
calculated. Simulation results generated for a Rayleigh fading channel confirm that the 
proposed robust scheme outperforms the non-robust scheme and OFDM-based multi 
carrier schemes. In the next chapter combining of this proposed scheme with STBC will 
be studied. 
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Chapter 5 
COMBINING ALAMOUTI-TYPE 
CODING AND A FREQUENCY 
,DOMAIN ROBUST BEAMFORMER 
WITHIN A MULTIUSER DOWNLINK 
SINGLE CARRIER 
FREQUENCY-DOMAIN MIMO 
SYSTEM 
5.1 Introduction 
The growing demand for wireless high-speed data transmission in applications will sig-
nificantly increase requirements for downlink throughput and quality of service (QoS). 
The two major impairments limiting multi user wireless communication systems in perfor-
mance and capacity are multipath fading and co-channel interference. Space time block 
coding (STBC) and beamforming techniques are two emerging technologies that can be 
employed at the base station with multiple antennas to provide transmit diversity and 
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beam forming gain to increase signal-to-noise ratio (SNR) of the downlink. In STBC the 
antenna spacing is' usually required to be large enough (approximately 10 times of the 
carrier wavelength) for a uniform linear array (ULA) to ensure un-correlated fading chan-
nels [9]. On the other hand, beamforming requires signals to be closely correlated which 
implies the antenna spacing is very small (half of the carrier wavelength) for aULA [72]. 
Also, it has been observed in the previous chapter that more transmit antennas provide 
higher spectral efficiency for beamforming, but this becomes inverted when STBC is em-
ployed [80]. These requirement contradictions represent a challenge to combine STBC 
with beam forming in an alTort to reap the combined benefit of both technologies at the 
same time. In this chapter, combining beamforming with a STI3C technique is studied. 
This study can be considered as an extension of the system proposed in the previous 
chapter where the frequency-domain robust beamforming is combined with Alamouti 
transmit diversity scheme [13]. Due to the structure of the proposed scheme, there are 
two opportunities for placement of the transmit encoder, namely: 
• The coding process can be performed in the time-domain where the Alamouti-type 
coding unit is placed before the FFT blocks . 
• The coding process can be performed in the frequency-domain where the Alamouti-
type coding unit is placed after the FFT blocks, so that the Alamouti-type structure 
is preserved at the input to the beam former. 
Both cases are presented and simulation results are discussed later in the chapter. More-
over, forward error correction (FEC) is applied on the proposed FD robust beamformer 
and studied as a separate case and as a combination with the two above mentioned cases. 
A single-user downlink transmission scheme was presented in [72] where the beam-
forming weights of the combined system are optimized to provide the MS with guar-
anteed uncorrelated STI3C streams. For multiuser communications a simple receiver 
structure that combines receive beamforming with an Alamouti STBC decoder was pro-
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Figure 5.1. mock diagram of the multi-user beamforming system with OSTBC [S4J. 
posed in [SI J. The technique improved the performance considerably. While [SOJ did not 
attempt to combine STBC with beamforming, the results of the comparison between the 
two techniques showed that increasing the number of transmit antennas provides higher 
spectral efficiency for BF and lower spectral efficiency for STllC. Two-directional (20) 
eigen-beamforming (EBF) coupled with orthogonal space-time block codes was presented 
in [73J for a single-user communication system. The beamformer in [73J was designed 
based on the knowledge of the mean values of the underlying channels because chan-
nel state information is impossible to be known perfectly at the transmitter in practical 
wireless systems. In [S2J two-dimensional eigen-beamforming (EBF) was concatenated 
with orthogonal space-time block coding (OSTBC) and trellis coded modulation (TCM) 
for quasi-static transmit correlation channels. This scheme provided full code rate in 
complex constellation STBC with various number of transmit antenna. The signal-to-
leakage-plus-noise ratio approach is next introduced. 
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5.1.1 Signal-to-Leakage-Plus-Noise Ratio 
The signal-to-Ieakage-plus-noise ratio (SLNR) concept was originally advanced by Sadek, 
Tarighat, and Saycd in [67] and used in [83]. SLNR was then extended to investigate 
the incorporat.ion of the leakage-based solution to l\IIMO systems that employ Alamouti 
coding where symbols are transmitted in pairs over two consecutive time instants for a 
narrow band time-domain beamformer [84] and [85]. In Figure 5.1 the block diagram for 
their approach is shown. The mathematical basis for their development is next summa-
rized. Notations in this subsection only will be adopted from [84] to relate appropriately 
the mathematical summary with Figure 5.1. 
Refering to Figure 5.1, after dropping the time index n for notational simplicity, Si, 1 
and Si,2 denote the transmitted data intended for user i. The Alamouti scheme is applied 
on the data as a space-time coding. The transmitted pair of data and the transmitted 
coded block can be represented as 
. - [ Si,1 1 s, 
Si,2 
and 
[ 
Si,1 
Si = 
Si,2 
(5.1.1) 
For each user i the matrix Si is multiplied by the beamforming matrix W i of size N x 2 
before transmitting where N in this subsection only is the number of transmit antennas. 
Thus, the overall N x 2 transmitted block is given as 
(5.1.2) 
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Then, the received block of size Mi x 2 at the ith user is given by 
Y i = HiX+ Vi 
K 
= HiWiSi +Hi L. WkSk + Vi 
k=l,k,<i 
where Hi is the channel matrix of the i-th user, and Viis the noise vector. 
(5.1.3) 
To derive the optimum precoding matrices W i , start by denoting entries of the Mi x 2 
matrix Y k by 
1I~1.1) 1I~1.2) 
1I~2,1 ) (2.2) 
Y k = 
lIk (5.1.4) 
y~MI,l) yLMI,2) 
where y~i,j) represents the received signal by user k at its ith antenna at block time 
intervals j = {l, 2}. Moreover, by defining Fk = Hi W k, its entries can be represented as 
to yield Equation 5.1.6 
f(1,I) 
k 
f(I,2) 
k 
f(2.1) f(2.2) 
Fk = k k 
f(MI,I) 
k 
f(M.,2) 
k 
K 
Yi = FiSi + L. FkSk + Vi 
k=l,k,<i 
(5.1.5) 
(5.1.6) 
By exploiting the orthogonal Alamouti structure of the data matrix Si in Equation 5.1.6 
the above can be rearranged in vector form as follows 
K 
Zi = Aisi + L. Aksk + ri 
k=l,k,<i 
(5.1.7) 
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where the entries of the Mi x 2 matrices Y i and Vi have been rearranged into 2Mt X 1 
vectors Zi and ri 
and 
r 
(1,1) 
Yi 
(yl l ,2)), 
(2.1 ) 
Yt 
(yl2,2) )' 
(M"I) 
Yt 
(yl M,,2)), 
(1,1 ) 
r i 
(2.1) 
r i 
(5.1.8) 
(5.1.9) 
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Also, the entries of Ak can be obtained by rearranging the entries of Fk 
fl 1,1) 
k 
(f~I,2)), 
f I2,1) 
k 
(f~2,2)), 
fIM(,l) 
k 
(f~M"2)), 
f(I,2) 
k 
(_f~I,l)), 
f I2 ,2) 
k 
(_f~2,I)), 
f IM (,2) 
k 
_(f~M(,l)), 
(5.1.10) 
Not.e, in this work the channel coefficients are assumed t.o be known perfectly at the 
transmitter and the receiver. The special structure of the matrix Ak has a key benefit, 
it holds that 
M( 
(Ad' Ai = (L (Xj)I2 = IIFill~I2 (5.1.11) 
j=I 
where the scalar CXj is given by (Xj = If~,I)12 + If~,2)12. 
Since IIAill~ = Tr{(Ad' Ad, then 
IIAdl~ = 211Fdl~ (5.1.12) 
Substituting into the SLNR expression given IIAill~ = Tr{(A;), Ad, then IIAi II~ = 211Fdl~ 
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and 
SLNR. = 211Fill~ 
, 2MiUt + 2 L~~I,kfi IIFkll~ 
_ IIHiWdl~ 
- MiO'[ + L~~l,k"i IIHk Wdl~ (5.1.13) 
where SLNRi is the signal-to-leakage-plus-noise ratio for user i. 
Now the goal is to select the optimal values for the entries of the N x 2 beamforming 
matrix W i such that the SLNR is maximized for every user i, i.e., 
(W )0 IIHiWdl~ i = arg max K 
WICe Nxl MiO't + Lk~l,kfi IIHk W;[I~ 
(5.1.14) 
The SLNRi expression in Equation 5.1.13 can be written as 
SLNRi = Tr{(W;)*(Hd*HiW~} 
Tr{(Wd*(MiO'[I + (Hd*H;JWd 
(5.1.15) 
In order to maximize the SLN Ri expression , the individual column vectors of W i 
can by denoted as W i = (WI I W2). Then the SLNR can be'represented as 
SLNR
i 
= (wd*Cw, + (W2)*CW2 
(wd*DwI + (W2)*Dw2 (5.1.16) 
where C = (Hd*Hi and D = Miu[I + (Hd*Hi' Applying the Rayleigh-llitz quotient 
result 
(5.1.17) 
so that 
(5.1.18) 
likewise 
(5.1.19) 
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from substituting Equations 5.1.18 and 5.1.19 into Equation 5.1.16 
SlNRi = 
(Wd'CWl + (W2)' CW2 
(wd'Dwl + (W2)'Dw2 
Amax(C, D)(wd'Dwl + (W2)'Dw2) 
~ ~~~~~~~~~~~~--~ 
(wd'Dwl + (W2)'Dw2 
The equality holds if the following are selected 
Wl = cd max generalized eigenvector(C, D) 
W2 = (X2 max generalized eigenvector( C, D) 
(5.1.20) 
(5.1.21) 
for any complex scalars (Xl and (X2 chosen to enforce the condition IIWll12 + IIW2112 = 1. 
Since the max generalized eigenvector( C, D) = max eigenvector(D- 1, Cl, the optimum 
values of the beamforming vectors can be given as 
(5.1.22) 
This is considered as a cornerstone finding in the narrow band multiuser scheme 
proposed in [84]. That is having the beamforming matrix to be built of two beamforming 
column vectors of equal entries. Moreover, assuming a quasi-static channel would strongly 
support employing the same weight vectors over the two time instants. 
The contribution in this chapter is to build on the result in Equation 5.1.22 and 
thereby combine Alamouti-type coding with the frequency-domain robust beamformer 
for downlink single carrier transmission. 
A note on notation which is included to ensure that the chapter is self-contained: Bold 
upper case X denotes a matrix and bold lowercase x denotes a vector. Index in X[n] is 
the discrete time-domain index with n = 0,1, ... , N -1 while Wt in X( wtJ is the discrete 
frequency index with 1 = 0, 1, ... , N -1 where N is the block length and the index in X(t) 
113 
is for continuous time. X k and Xk denote the signal matrix and vector corresponding to 
the k-th user where k € [1,2, ... , KJ and K is the total number of users. The matrix 
element indexed by q and r is denoted by X qr . x = vec(X) is the vector obtained by 
stacking the columns of X. IN is an identity matrix of size N. Complex conjugation, 
transposition and conjugate transposition of a matrix are respectively denoted by (.)', 
(.)T and (.)H. E{.} and 11.llr denote respectively the statistieal expectation operator and 
squared Frobenius norm operator whieh is given as IIXII~ = tr{XXH}. FN denotes an 
N x N discrete time Fourier transform matrix for which the (q + 1, r + 1)-th entry is 
foexp(-j2nqr/N) 'if q,r € [0, N - IJ. A diagonal matrix with the elements of 
x on its diagonal is denoted as diag(x). The element-by-element product operator is 
represented as 0. 
The rest of Chapter 5 is arranged as follows. Adding Alamouti-type coding as an 
outer coding to the frequency-domain (FD) Robust beanlformer (BF) is presented in 
Section 5.2 where the coding is performed as a time-domain process. Section 5.2 is a 
proposal for an extension for the robust beamformer discussed in the previous chapter 
where the extension system model is discussed. This scheme is further extended by 
adding convolutional coding to the FD robust BF and presented in Section 5.3. Then 
the Alamouti-Type coding blocks are placed inside the frequency-domain processing unit 
and discussed in as adding Alamouti-type coding as an inner coding to the FD Robust 
I3F in Section 5.4. Sadek, Tarighat, and Sayed's scheme presented earlier in Subsection 
5.1.1 is applied to the FD Robust BF in Subsection 5.5. Lastly, the chapter is concluded 
by the simulation results and comparisons in Section 5.6. 
5.2 Adding Alamouti-Type Coding as an Outer Coding to the FD Robust BF 
In this extension scheme, the FD robust beamformer is serially concatenated with the 
linear Alamouti decoding process. Then, at the receiver a decoder will be employed to 
rearrange the received signal to remove the Alamouti coding effect. 
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Figure 5.2. Transmit side model of the Alamouti-type outer coded baseband processing 
for the K users. The Alamouti encoding process is serially concatenated with the FD 
robust beamformer. The frequency-domain beamforming operations are shown together 
with the Mt transmit antennas. 
5.2.1 System Model 
In this model, which is depicted in Figures 5.2 and 5.3, the FD robust beamformer is 
serially concatenated with the linear Alamouti decoding process. 
The BS is shown in Figure 5.2. At the BS, dk[nJ = [dk[OJ dk[IJ 
is the data block intended for transmission to the k-th user (k = [1,2, ... , Kl) where N 
is the block length. As part of the Alamouti process the first pair of transmitted data 
could be donated as 
(5.2.1) 
The vector d k here is a partial representation of the whole transmitted data block where 
the time index is dropped for notational convenience, d} and d} denote the first pair of 
signals intended for user k. So that, llased on the Alamouti scheme [13] the transmitted 
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matrix for the first pair of data symbols is 
where each matrix D k satisfies 
-(d~)'l 
( df)' 
(5.2.2) 
(5.2.3) 
By applying this scheme to the input data block for each user k, as shown in Figure 
5.2, the extended matrix Dk[n] which has a size of (N x 2) can be presented as 
dk[O] -(dk[I])' 
dk[l] (dk[Ol)' 
dk[N - 2] -(dk[N -1])' 
dk[N - 1] (dk[N - 2])' . 
c _ 
(5.2.4) 
The matrix Dk[n] in Equation 5.2.4 will be transferred to the frequency-domain using an 
N-point FFT unit over two consecutive time instants where each column vector is passed 
through the FFT unit separately. This will produce the frequency-domain signal matrix 
Dk( cv). It is worth noting here that the structure of the FD matrix Dk( cv) does not hold 
the orthogonal structure of the Alamouti coding as a result of the FFT processing. 
A quasi-static channel is assumed for the current scheme so that the FD beamformer 
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Figure 5.3. Receiver side of the Alamouti-type outer coded baseband processing for 
the first user amongst' K users. The combining of the My receive antennas together with 
the equalization with matrix W is shown. The outer decoder is inserted just before the 
slicer. 
can employ the same weight matrices over the two time instants. Hence, each column 
vector of the frequency-domain signal matrix Dk(W) is multiplied by the same NMt x N 
beamforming matrix Bk(W) given as 
(5.2.5) 
where B~(wtl(i= 1,2, ... ,Mt, 1 = 0,1,2, ... , N-1) is a diagonal matrix of size N xN 
given as 
B~(wo) 0 0 0 
B~(wtl = 0 B~(wd 0 0 (5.2.6) 
0 0 0 B~(WN-d) 
Over each time instant and at each transmit branch, the signals are summed and passed 
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through an' N-point IF FT unit to be tran~ferred back to the time-domain ready for 
tran~mi~~ion after they are padded by a cyclic prefix. 
At the MS, shown in Figure 5.3, where the reception and equalization is performed 
in the same manner of the ~y~tem proposed in the previous chapter but only performed 
over two con~ecutive time ~lots. At the end of the combining proce~~ the two column 
vectors will be rearranged to remove the effect of the Alamouti coding. The product of 
the Alamouti encoder will be averaged to estimate the transmitted ~ignal. 
The disadvantage of this scheme that it is destined to sacrifice up to 50% rate as this 
resembles a repetition coding effect. In the simulation section a comparison between the 
Alamouti outer coding scheme and the plain repetition ~cheme will be ~tudied. 
In the next ~ection the extension of the FD robust beamformer through adding con-
volutional coding will be presented, then the combination of the Alamouti coding and 
convolutional coding is studied. 
5.3 Adding convolutional coding to the FD robust BF 
To improve the bit-error-rate performance, convolutional coding with Viterbi decoding 
is employed as the forward error correction (FEC) technique. FEC improves the per-
formance by adding ~ome carefully designed redundant information to the transmitted 
data through the channel. This procedure is known as channel coding. FEC consi~ts of 
two steps at the tran~mitter and corresponding ones at the receiver. At the base station 
convolutional coding and bit interleaving are performed. For convolutional coding, a stan-
dard half rate and constraint of three convolutional encoder is used. Convolutional codes' 
are described using two parameters namely: the code rate and the con~traint length. 
The code rate, i/o, i~ expre~sed as a ratio of the !lumber of bit~ into the convolutional 
encoder (i) to the number of channel symbols output by the convolutional encoder (0) 
in a given encoder cycle. The constraint length parameter, C, is defined as the number 
of shifts over which a single message bit can influence the encoder output [1,86,87]. In 
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Figure 5.4. Block diagram showing a standard half rate and constraint of three con-
volutional encoder. This encoder is used to perform convolutional codes at the I3S. A 
Viterbi decoder is needed at the receiver. 
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convolutional encoders, the number of shift register stages (M) is the memory of the 
encoder where C = M + 1 shifts are required for a message bit to travel through the 
encoder. Figure 5.4 shows the convolutional encoder employed in the extended system. 
The encoder shown in Figure 5.4 encodes the C = 3, (7, 5) convolutional code where the 
octal numbers 7 and 5 represent the code generator polynomials, which correspond to the 
shift register connections to the upper and lower modulo-2 adders when read in binary 
(1112 and 1012)' 
Bit interleaving is also applied on the signaL Bit interleaving is employed to protect 
the transmission against burst errors where the code bits are interleaved (permuted) 
before transmission. Random permutation is used here for bit interleaving. At the 
receiver a deinterlcaver and a Viterbi decoder are employed to reverse the process. 
5.3.1 System Model 
In the previous chapter, an FD robust beamformer for amultiuser MIMO-SC-FDE system 
was proposed. This system is extended, in this section, by adding the convolutional coding 
process as an outer layer of coding/decoding to involve the extended system at both sides. 
A complex baseband discrete model is assumed throughout this chapter. Consider the 
K-user MIMO-SC-FDE baseband wireless' communication system shown in Figures 5.5 
and 5.6, where the first figure shows the base station (BS) equipped with M t antennas 
which transmits concurrently single carrier block-wise signals to K mobile stations (11S). 
Each MS, shown in Figure 5.6, in its turn is equipped with Mr receive antennas. At the 
BS, dk[nJ = [dk[DJ dk[IJ ... dk[N - IJJT is the data block intended for transmission 
to the k-th user (k = [1,2, ... , KJ) where N is the block length. The elements of dk[nJ 
are assumed to be independent and identically distributed (LLd) generated from a finite 
level constellation with unity variance, i.e. E{d[nJ dH[nl} = I. 
As shown in Figure 5.5, three processes will proceed the conversion to the frequency-
domain by an N-point FFT unit, they are namely: standard half rate and constraint of 
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Figure 5.5. Transmit side model of the coded baseband processing for the K users. 
The convolutional coding followed by a random permutation interleavcr is employed to 
extend the system presented in the previous chapter. The frequency-domain beamforming 
operations are shown together with the Mt transmit antennas. 
121 
w 
Deinlerleaver 
& 
Vnerbi 
decoder 
d' nJ 
Figure 5.6. Receiver side of the coded baseband processing for the first user amongst 
K users. The combining of the Mr receive antennas together with the equalization with 
matrix W is shown. Demapper, deinterlcaver, and Viterbi decoder blocks are employed 
for the convolutional decoding. 
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three convolutional encoder, random permutation as bit interleaving is applied to correct 
the carrier in deep fades, and mapping to QPSK The rest of the transmitter is the same 
as the system shown in the previous chapter. 
At the receiver of each MS shown in Figure 5.6, the received signal is treated the same 
as the original system only demapping and Viterbi decoder are applied to produce the 
estimated signal. 
5.4 Adding Alamouti-Type Coding as an Inner Coding to the FD Robust BF 
Wireless broad band systems olTer different sources of diversity which can be exploited 
by a coding and transmission scheme: temporal diversity, frequency diversity and spatial 
diversity. Temporal diversity in a fading channel has been exploited earlier in this chapter 
by an FEe decoder in combination with interleaving. Spatial diversi ty has been obtained 
by using multiple antennas and space-time codes. In this section, however, frequency 
diversity is exploited by shifting the Alamouti encoder one step further after the FFT 
units. The process of Alamouti encoder will be combined with the FD robust beamfonner 
and performed in the frequency-domain. 
5.4.1 System Model 
In this model, the FD robust beamformer is serially concatenated with the linear Alamouti 
decoding process but placed after the FFT units, where the coding is performed in the 
frequency-domain. At the BS, dk[nl = [dk[ol d k [11 ... dk[N -lJJT is the data block 
intended for transmission to the k-th user (k = [1, 2, ... , Kl) where N is the block length. 
The coding will be processed in the frequency-domain, so that an FFT block is needed 
to prepare for both the coding and the beamforming. The first pair of data could be 
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Figure 5.7. Transmit side model of the Alamouti-type inner coded baseband processing 
for the two users. Alamouti encoding process is serially concatcnated by the FD robust 
beam former within the frequency-domain processing. The frequency-domain beamform-
ing operations are shown together with the two transmit antennas. 
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Figure 5.S. Receiver side of the Alamouti-type outer coded baseband processing for 
the first user amongst K users. The combining of the Mr receive antennas together with 
the equalization with matrix W is shown. MRC and inner decoding is performed in the 
frequency-domain. 
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donated in the frequency-domain as 
(5.4.1) 
The vector d k here is a partial representation of the whole transmitted data block where 
the time index is dropped for notational convenience, df and d~ denote the intended 
signal for user k. So that, based on the Alamouti scheme [13] the transmitted matrix is 
where each matrix D k satisfies 
Dk = [df ~(d~)'l 
d~ (df)' 
(5.4.2) 
(5.4.3) 
By applying this scheme onto the data input data block for each user k, as shown in 
Figure 5.2, the extended matrix Dk(W) which has a size of (N x 2) can be presented as 
dk(wo) -(dk(wd)' 
dk(wd (dk( wo))' 
dk(W2) -( dk( W3)' 
Dk(W) = d
k(W3) (dk(W2))' (5.4.4) 
dk( WN-2) -( dk( wN-d)' 
dk( wN-d (dk( WN-2))' 
Each column vector of the coded matrix is multiplied by the corresponding beam-
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forming matrix over two consecutive time instants. A quasi-static channel is assumed 
for thccurrent scheme so that the FD beamformer can employ the same weight matrices 
over the two time instants. Hence, each vector of the frequency-domain signal Dk(W) is 
multiplied by the same NMt x N beamforming matrix Bk(W) given as 
(5.4.5) 
where B~( wtl (i = 1,2, ... ,Mt , 1 = 0, 1,2, ... , N -1) is a diagonal matrix of size N x N 
given as in Equation 5.2.6. 
At the MS, shown in Figure 5.8, where the reception and equalization is performed in 
the same manner of the system proposed in the previous chapter but only performed over 
two consecutive time slots and in the frequency-domain. At the end of the combining 
process the two column vectors will be rearranged to remove the effect of the Alamouti 
coding. The product of the Alamouti encoder will be transferred back to the time-domain 
to be averaged to estimate the transmitted signal.' 
The main difference between the outer and the inner Alamouti-Iike coding is that 
the whole process of coding/encoding for the latter case is performed entirely in the 
frequency-domain while the former is processed in the time-domain. 
Although this scheme does not suffer from losing the Alamouti coding orthogonality 
because the coding is performed after the FFT units, it still shares the repetition coding 
resemblance with the outer Alamouti-like outer coding presented earlier in this chapter. 
5.5 Applying Sadek, Tarighat, and Sayed's Scheme to the FD Robust BF 
This section will present the frequency-domain version of Sadek, Tarighat, and Sayed's 
scheme [84] which is presented in Subsection 5.1.1 of this thesis. 
The transmitter will have the same structure of the system presented earlier in Figure 
5.5 but only the processing will be performed over every two consecutive frequency bins 
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instead. After dropping the frequency index w for notational simplicity, dr and d~ denote 
the transmitted data intended for user k. The Alamouti scheme is applicd on the data as 
a space-frequency type coding. The transmitted pair of data and the transmitted coded 
block can be represented as 
and 
(5.5.1) 
For each user k the matrix Dk is multiplied by the beamforming matrix Bk of size M t x 2 
before transmitting where M t is the number of transmit antennas and the subscript 
t = [1,2, ... , M t 1. The beamforming matrix Bk can be given as 
br(w) br(w) 
b~(w) b~(w) 
'if w € [1,2, ... , N - 11 
Thus, the overall M t x 2 transmitted block is given as 
·K 
X(w) = LBk(w)Dk(w) 'if w 
k~l 
Then, the received block of size MT x 2 at the k-th user is given by 
K 
= HkBkDk + Hk L BUDu + Vk 
u=l,u:l=k 
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(5.5.2) 
(5.5.3) 
(5.5.4) 
By denoting entries of the MT x 2 matrix yk by 
yk= 
k k 
Y[I,1j Y(1,2) 
k lJ [2,1) k Y(2,2) 
k k 
Y[M"I) Y[M,,2) 
(5.5.5) 
where the entry Y ~i,j) represents the received signal by user k at its ith antenna at the 
frequency bin j = {l, 2}. Moreover, by defining F U = HkBu, its entries can be represented 
f~I.I) f~1,2) 
Fk= 
f~2.1) f~2,2) (5.5.6) 
fk (Mr,l) fk [M,,2) 
to yield Equation 5.5.7 
K 
yk = FkDk + L FUDu + Vk (5.5.7) 
u=l,u~k 
By exploiting the orthogonal Alamouti structure of the data matrix Dk the above can 
be rearranged in vector form as follows 
K 
zk=Akdk + L AUdu+rk 
u=l,u#k 
(5.5.8) 
where the entries of the MT x 2 matrices yk and Vk have been rearranged into 2MT X 1 
vectors zkand rk 
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and 
" 
k 
11 (1,1) 
(1I~1,2))' 
k 
11 12,1) 
(11~2.2) )' 
k 
11 I M"I) 
k )' (1IIM,,2) 
k 
r ll ,!) 
k )' ( r(l,2) 
k 
r I2 ,1) 
(r~,2))' 
1-
k 
riM,,!) 
I 
l 
k )' (rIM,,2) J c 
(5.5.9) 
(5.5.10) 
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Also, the entries of A k can be obtained by rearranging the entries of Fk 
frl,l) 
(fr!.2))' 
f~,I) 
(fr2,2))' 
fk (M"I) 
(frM,,2))' 
frl,2) 
(-frl,!) )' 
f~,2) 
(-fr2,!)) , 
(5.5.11) 
Note, in this work the channel coefficients are assumed to be known perfectly at the 
transmitter and the receiver. The special structure of the matrix A k has a key point, it 
holds that 
M, 
(A k)' A k = (L !Xj)I2 = 211Fkll~I2 
j=l 
where the scalar !Xj is given by <Xj = Ifh,1)12 + Ifh,2)12. 
Since IIA kll~ = Tr{(A k). A k}, then 
Substituting into the SLNR expression 
(5.5.12) 
(5.5.13) 
(5.5.14) 
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where SlNRk is the signal-to-Ieakage-plus-noise ratio for user k. 
Now the goal is to select the optimal values for the entries of the M t x 2 beamforming 
matrix Bk such that the SLNR is maximized for every user k, i.e., 
IIHkBkl12 (Bk)O = arg max F 
B'.CM", Mr(J~ + r:~~I,U"k IIHkBulI~ (5.5.15) 
At the MS the estimation of the transmitted signal will be performed based on Figure 
5.1 where the received signal over each two consecutive frequency bins is rearranged as 
-k - -in Equations 5.5.8 to 5.5.11. Then the estimated signal d (w) = [dk ( w2c-d d k ( W2c W 
V cell, 2, ... , (N -1)/2] can be represented as 
\;fc ell, 2, ... , (N -1)/2] (5.5.16) 
Since this estimation process is performed in the frequency-domain over each two 
consecutive frequency bins, the resulting estimated block will be passed through an IFFT 
unit to be transferred back to the time-domain and a slicer will follow. 
5.6 Simulation results and comparisons 
In order to illustrate the concept of the extensions of the proposed frequency-domain ro-
bust transmit beamformer, MATLAB-based simulations were ran for a multiuser MIMO-
SC-FDE baseband system. Four cases of extensions are applied on the proposed sys-
tem namely: FEC, Alamouti-like outer coding, Alamouti-like inner coding, and Sadek, 
Tarighat, and Sayed's scheme. The extensions are applied on different systems setups 
but they share common characteristics. As shown in Table 5.1, the BS is equipped with 
three transmit antennas and each MS is equipped with three antennas. Each block of 
the data stream contains 64 QPSK symbols. Corresponding 64-point FFT /IFFTs were 
used at both ends. An additional length eight cyclic prefix symbol is used as a guard 
interval after each data block. A quasi-static channel is assumed. Channel length (l) 
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Characteristic Parameter 
Modulation QPSK 
Data stream length 64 
FFT /IFFT number of points 64 
Channel length 3 
Perturbation matrix variance 0.005 
(Y~ 
Number of users 3 
Numbers of transmit antennas 3 
at BS 
Numbers of receive antennas 3 
£1 0.2716 
£2 1.2658 
Table 5.1. Summary of the common parameters of the three extension systems namely: 
FEC, STBC, and SFBC. 
was three i.e. hh = [hi,i.D, h;,i,l, h i ,i.2]' The frequency-domain representation for this 
Rayleigh fading channel was obtained by appending N - l zeros to yield Hk. The total 
transmit power per symbol period across all transmit antennas is normalized to unity. 
The average BER over all channel realizations was used as a performance measure. 
The entries of channel matrix H[n] and the perturbation matrix P were zero mean 
Gaussian random variables with variance ~ = 1 and (Y~ = 0.005 respectively. The noise 
is zero mean and spatially and temporally uncorrelated. 
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5.6.1 Convolutional Coding Model 
Convolutional coding with Viterbi decoding was applied on the proposed robust FD 
beamformer for a multi user MIMO-SC-FDE system as shown in Figures 5.5 and 5.6. 
A random bit interleaver of length 64 and a standard half rate and constraint of three 
convolutional encoder were employed at the SS which has three antennas. At each 
receiver of the total of three users, three receive antennas were employed together with a 
Viterbi decoder. 
It can be observed from Figure 5.9 that as expected a considerable SER performance 
improvement is achieved by employing FEC on the proposed system. In Figure 5.9, 
the results of the uncoded non-robust and robust systems simulations are reproduced as 
an upper bound for the coded ones and for comparison. It can be observed that the 
performance of the uncoded robust FD beamformcr is better than the performance of the 
coded non-robust system. Moreover the coded robust system provided a 4dS performance 
improvement over the coded non-robust beanlformer at a BER of 10-3 . This advantage 
is gained from the additional complexities of the coding and decoding processes. 
5.6.2 Alamouti-Like Outer Coding Model 
As shown in Figures 5.2 and 5.3, Alamouti-like outer coding was employed on the pro-
posed robust FD beamformer for a multiuser MIMO-SC-FDE system by serially con-
catenating the FD robust beamformer with the linear Alamouti decoding process. The 
system setting is three transmit antennas/three receive antennas/three user. 
It can be observed from Figure 5.10 that a BER performance improvement is achieved 
by employing the outer coding on the proposed system. In Figure 5.10, the results of the 
uncoded non-robust and robust systems simulations are reproduced for comparison. It 
can be observed that the outer coding provided a I3ER performance improvement which is 
very close to improvement provided by the FEC. The outer coded robust system provided 
a 4dI3 performance improvement over the outer coded non-robust beamformer at a ilER 
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Figure 5.9. Average BER performance for three user l'vIIl\10-SC-FDE system with non-
robust and robust beamformers in two cases: convolutional coded case and uncoded case. 
Notice, that the convolutional coded curves include coding gain and thus is the reason 
for the cross over with the uncoded curve. 
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of 10-3 . However, the outer coded non-robust beamformer performance outperforms the 
uncoded robust beamformer. 
It is worth mentioning that this simple approach to adding outer coding to beamform-
ing approach has it own downside which makes it look like a repetition coding. Although 
the proposed outer coded extension provides performance improvement, it has a penalty 
of decreasing the rate by a factor of two. 
On the other hand, a repetition code was applied on the proposed system for the 
purpose of comparison with outer coded. Figure 5.11 shows that outer coded outperforms 
the repetition coding and performs better than FEC for higher SNR. Also, Figure 5.11 
shows the performance of a system combining both FEC with outer coded. As expected 
FEC added a substantial improvement of 5dB at a BER of 10-4 to the outer coded system 
performance. 
5.6.3 Alamouti-Like Inner Coding Model 
As shown in Figures 5.7 and 5.8, Alamouti-like inner coding was employed on the proposed 
robust FD beamformer for a multiuser MIMO-SC-FDE system by serially concatenating 
the FD robust beamformer with the linear Alamouti decoding process. Alamouti-like 
inner coding is performed after the FFT units so that the whole process of coding is 
performed in the frequency-domain. The system setting is three transmit antennas/three 
receive antennas/three user. 
It can be observed from Figure 5.12 that the BER performances of the two case the 
inner coding scheme: non-robust beamformer, and robust beamformer are the same as 
the performances shown in Figure 5.10 for the outer coding robust beamformer. As a 
result placing the Alamouti-like coding process has the same effect wether before or after 
the FFT units. 
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Figure 5.10. Average BER performance for three user MIMO-SC-FDE system with 
non-robust and robust beamformers in two cases: uncoded case as an upper bound and 
STBC case. The proposed STBC-robust beamformer outperforms the STBC non-robust 
scheme. 
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Figure 5.11. Average BER performance for three user MIMO-SC-FDE system with 
robust beamformer in five cases: uncoded case, repetition coding, FEC, outer coded, and 
FEC combined with outer coded case. 
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Figure 5.12. Average BER performance for three user MIMO-SC-FDE system with 
non-robust and robust beamformers both combined with Alamouti-like inner coding. 
The performance is the same as the outer coding setting shown in Figure 5.10. 
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5.6.4 Sadek, Tarighat, and Sayed's Scheme Model 
Sadek, Tarighat, and Sayed's model presented in the introduction and studied in Section 
5.5 was employed on the proposed robust FD beamformer for a multiuscr l\fJMO-SC-FDE 
system. 
It can be observed from Figure 5.13 that this extension scheme is successful only for 
the single-user case. Applying Sadek, Tarighat, and Sayed's scheme on the multiuser 
system performed very badly. The scheme was proposed on the basis that norm of the 
rearranged matrix Ak = II(Ak)HAkll shown in Equation 5.5.11 is very large compared 
to the rearranged matrix of the leakage A U = 11 (A k) H A U 11. A careful study for the sim-
ulation result revealed that this is not the case for combining the robust FD beamformer 
with Sadek, Tarighat, and Sayed's scheme, where Figure 5.14 shows that the values of 
the matrices norm are in the proximity which resulted in losing the benefit of the beam-
forming and coding eITect. So that the conclusion of this extension is that this scheme is 
not applicable to the robust beamformer system. 
5.7 Summary 
The two major impairments limiting multiuser wireless communication systems in perfor-
mance and capacity are multi path fading and co-channel interference. Space time block 
coding (STBC) and beamforming techniques are two emerging technologies that can be 
employed at the base station with multiple antennas to provide transmit diversity and 
beamforming gain to increase signal-to-noise ratio (SNR) of the downlink. The contra-
diction in STBC and beamforming requirements represents a challenge to combine STBC 
with beamforming in an eITort to reap the combined benefit of both technologies at the 
same time. In this chapter, combining beamforming with STBC technique was studied. 
This study can be considered as an extension for the system proposed in the previous 
chapter where the frequency-domain robust beamforming is combined with Alamouti 
transmit diversity scheme. Due to the structure of the proposed scheme, there are two 
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Figure 5.13. Average BER performance for combining robust beamformers l\HMO-SC-
FDE system with Sadek, Tarighat, and Sayed's scheme. The System performed perfectly 
with single-user, but failed with the multiuser system. 
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opportunities to place the transmit encoder namely: in the time-domain where coding 
blocks are placed before the beamformer blocks, and in the freqnency-domain where the 
coding is incorporated within the FD beamformer. Both cases were presented and sim-
ulation results were discussed in the chapter. Moreover, forward error correction (FEe) 
was applied on the proposed FD robust beamformer and studied as a separate case and 
in a combination with the outer encoder. Also, in this chapter, a study for combining 
the robust beam former with Sadek, Tarighat, and Sayed's scheme was presented. 
To improve the bit-error-rate performance, convolutional coding with Viterbi decoding 
is employed as the forward error correction (FEe) technique. Random permutation bit 
interleaver and a standard half rate and constraint of three convolutional encoder was 
employed in the convolutional encoder at the BS, while a Viterbi decoder was employed 
at the MS. Simulation results showed a substantial BER performance improvement is 
achieved by employing FEe on the proposed system. 
In combining Alamouti-like outer coding with FD beamformer model, the FD robust 
beamformer is serially concatenated with the linear Alamouti decoding process. Simula-
tion results showed a BER performance improvement is achieved by employing the outer 
coding on the proposed system. It was observed that the the outer coding provided a 
BER performance improvement which is very close to the improvement provided by the 
FEe. The outer coded robust system provided a 4dB performance improvement over the 
outer coded non-robust beamformer at a BER of 1O-J. 
In combining Alamouti-like inner coding with FD beamformer model, the FD robust 
beamformer is serially concatenated with the linear Alamouti decoding process but both 
of them are placed after the FFT units. Since the technique preserves the algebraic 
structure of the Alamouti code, it sustains the orthogonally of the MIMO channel in 
the presence of beamforming. Hence, the maximum-likelihood (I\1L) decoding process is 
achieved by simple linear processing. Simulation results showed that there is no difference 
in BER performance between combining the onter coding and the inner coding with the 
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ro bust beamformer. 
Lastly, a careful study for combining Sadek, Tarighat, and Sayed's scheme with the 
robust beamformer system showed that while the combination works perfectly for the 
single-user, it is not applicable for the multiple-user case, a point which is not highlighted 
in [84]. 
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Chapter 6 
CONCLUSIONS AND FUTURE 
WORK 
In Chapter 3, a novel joint coded two-step interference cancellation technique for broad-
band uplink multiuser MIMO-SC-FDE system was proposed. It was applied on a system 
with K synchronous co-channel users, each equipped with time reversed space-time block 
coded (TR-STBC) transmit antennas. It was assumed that the frequency response of 
the channel remained constant over two consecutive blocks, i.e. a quasi-static channel, 
and TR-STBC was employed over two consecutive time-domain blocks. The receiver at 
the base station was based on a two-step interference cancellation algorithm where the 
received signal was passed through the following two stages of processing: 
1. Soft signal value estimation based on a combined MMSE and multiuser detector 
followed by a Viterbi decoder in the time-domain. 
2. Multiple-access interference cancellation and symbol re-estimation using the modi-
fied interference-free received signal. 
Also, in Chapter 3, the concept of orthogonal space-time block codes (OSTBC) was 
presented in Section 3.2 which included a discussion about the well known Alamouti-code. 
In Section 3.3 the time-reversed space-time block coding (TR-STBC) technique was ap-
plied on Alamouti-code on a two-transmit-one-receive antennas system as a special case in 
Subsection 3.3.1. The concept of co-channel interference suppression is discussed in Sec-
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tion 3.4. These techniques were combined in extended versions in the proposed two-step 
interference canceller for multi-user broadband MIMO-SC-FDE communication system 
scheme which was detailed in Section 3.5. The chapter was concluded by the simulation 
results which indicated that the proposed scheme conld obtain performance improvement 
in a typical wireless communication environment with realizable computational complex-
ity in Section 3.6 .. In particular, a 40% improvement in performance for the two-step 
scheme was achieved for a Jakes' model channel. 
Due to its high complexity for certain applications, the proposed scheme in Chapter 
3 was limited in this work for two users. For example, remote units are supposed to 
be small lightweight and must remain relatively simple. However, economically, base 
stations may allow for more complexity for the downlink. In fact, it appears that base 
station complexity was a plausible topic for achieving the requirements of next generation 
wireless systems. This is why the next two chapters focused on the downlink for multi user 
communication system within the MIMO-SC-FDE environment. 
In Chapter 4, a multiple-user robust frequency-domain transmit beamformer for 
MIMO-SC-FDE system was proposed. An SLR-based optimization criterion was adopted 
to design this robust MU beamformer. This criterion was chosen because it keeps a bal-
ance between the suppression of ISI and CCL In the SLR approach the transmit weight 
vector for the k-th nser is optimized whilst minimizing the interference (leakage) caused 
to the other users. Then, the minimum mean square error (MMSE) criterion is employed 
for the receiver equalization and combining to suppress the ISI and the residual CCl. 
Simulation resnlts showed the efTectivcness of the proposed scheme. 
Chapter 4 was organized as follows. An introduction to beamforming and the need for 
the perfect channel state information knowledge was presented in Section 4.2. The system 
model is presented in Section 4.3 where the transmitter, channel model, and receiver are 
discussed. Also, the MU beamformer and combining/equalization matrices are derived. 
The parameters of these matrices were presented in Section 4.4. The proposed robust 
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MU FD beamformer was presented in Section 4.5 and the chapter is concluded by the 
simulation results and comparisons in Section 4.6. To show the superiority of the proposed 
wlution two system setups are used to compare the FD robust beamformer system with 
the non-robust beam former. Also, the proposed scheme is compared with an OFD1I1-
based multi-carrier system. The comparison is based on the average BER performance 
of all users using the robust, or the non-robust beamformer, or OFDM schemes. It was 
observed that the proposed scheme outperformed the other two schemes based on the 
average BER performance. Moreover, although applying the robustness scheme provided 
a better performance for the OFDM system, the SC-FDE system outperformed the robust 
OFDM system for both comparison systems. 
In Chapter 5, combining Alamouti-type coding and a frequency-domain robust beam-
former within a multi user downlink single carrier frequency-domain MIMO system was 
presented. This study can be considered as an extension of the system proposed in 
Chapter 4 where the frequency-domain robust beamforming was combined with Alam-
outi transmit diversity scheme. Due to the structure of the proposed scheme in Chapter 
4, there were two opportunities for placement of the transmit encoder, namely: 
• The coding process can be performed in the time-domain where the Alamouti-
type coding unit is placed before the FFT blocks.8imulation results showed a BER . 
performance improvement was achieved by employing the outer coding on the pro-
posed system. It was observed that the outer coding provided a BER performance 
improvement which was very close to the improvement provided by the FEC . 
• The coding process can be performed in the frequency-domain where the Alamouti-
type coding unit was placed after the FFT blocks, so that the Alamouti-type struc-
ture was preserved at the input to the beamformer. Simulation results showed that 
there is no difference in BER performance between combining the outer coding and 
the inner coding with the robust beamformer. 
146 
Both ca~es were presented and simulation results were discussed in Chapter 5. Moreover, 
forward error correction (FEC) was applied on the proposed FD robust beamformer and 
studied as a separate case and as a combination with the two above mentioned cases. 
Lastly, in Chapter 5, a careful study for combining the Sadck, Tarighat, and Sayed's 
scheme with the robust beamformer system showed that while the combination works 
perfectly for the single user, it is not applicable for the multiple-user case, a point which 
is not highlighted in [84]. 
In this thesis, a new two-step interference cancellation scheme is first proposed for 
the uplink l\1U-MIMO wireless channel. SC transmission is exploited together with time-
reversed space-time block coding. Average symbol error rate simulations for quasi-static 
and fast-fading broadband frequency-selective two-user MIMO channels confirm the util-
ity of the approach. Next, due to the reduced computational complexity constraints at the 
base station in a wireless link, a novel robust frequency domain beamformer for a closed-
loop downlink l\1U-MIMO-SC-FDE system is proposed. The beamformer is designed to 
maximize the signal-to-leakage-ratio (SLR) criterion and to minimize the sensitivity to 
errors in channel state information. The performance of the approach is confirmed by 
simulation studies without additional forward error coding. Finally, the combination of 
the downlink l\1U-MIMO-SC-FDE system with Alamouti-type space-time coding is stud-
ied. It is shown that adding convolutional and Alamouti-type outer coding is beneficial 
as compared to random block repetition coding. The application of the inner-coding 
scheme recently proposed by Sadek, Tarighat and Sayed is on the other hand found to 
perform poorly, due to the level of interference induced by the space-time coding into the 
decoding process. 
6.1 Future Work 
• For the joint coded two-step interference cancellation technique for broad band up-
link multiple-user MIMO-SC-FDE system proposed in Chapter 3, the system is 
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restricted to two synchronous users, equipped with the same number of transmit 
antennas. Future work may include assuming asynchronous users or having differ-
ent number of antennas. Also, extension to a larger number of users is necessary 
for practical applications. Other iterative techniques such as turbo decoding could 
also be applied . 
• For the multi user robust frequency-domain transmit beamformer for MIMO-SC-
FDE system proposed in Chapter 4, again having different number of receive an-
tennas at each MS could be a topic for future work. Also, a different robustness 
technique other that diagonalloooing such as the covariance matrix taper (CMT) 
approach might be explored [88,89J . 
• Development of all of the techniques in the context of distributed MU-MIMO where 
low complexity terminals are employed. These terminals can share their resources 
and thereby overcome the problem of correlated links in point-to-point MIMO. 
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